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Introduction

Overview

The Standard Model (SM) of high energy physics has been one of tiesgntheses of
the human intellect. It began about a century ago with the discoveng eldctron, which was
the first fundamental point like particle to be discovered. Inasiedecade, the elusive top quark
and ther neutrino have been observed. The sole remaining undiscovered particteplréxyi
the SM is the Higgs particle, whose vacuum field is believedv® mass to all the particles in
the Universe. This text concentrates on the search for the plagtisle at proton — (anti)proton
colliders, those accelerators which collide protons and (anti)prbiees on. Indeed, there are
complementary efforts at electron — positron colliders, but theyuatside the scope of this
book.

In outline, Chapter 1 concerns itself with a summary of the Stardadel (SM), giving
the particles comprising the SM and their interactions. Matheahatietail is relegated to
Appendix A. Chapter 1 closes with twelve questions which are unargswetiee SM but which
appear to be of fundamental importance. The next four Chapteromrerced with the two
initial questions that refer to electroweak symmetry breaking and the Hagpn.

In Chapter 2 we explore a “generic” general purpose detector, whiepresentative of
those in use at proton — (anti)proton colliders. Specifically, wenmeathe extent to which the
SM particles introduced in Chapter 1 can be cleanly identifiecveeabured. The accuracy with
which the vector momentum and position of a SM particle can beunegbis very important, as
it will influence search strategies for the Higgs.

Chapter 3 is concerned with the specific issue of particle praduati a proton — (anti)
proton collider. The relevant formulae are given that will enablestilngent to estimate reaction
rates for any process. In addition, the COMPHEP program casdzkto then refine the initial
estimates. However, students are strongly encouraged tovgtarthe ‘back of the envelope”
estimate before invoking COMPHEP or any other Monte Carlo arogrCOMPHEP is
explained in Appendix B and is readily available to the student, assdisd in the section on
tools below. Kinematic details are placed in Appendix C.

Chapter 4 follows up with a discussion of how recent data takenliaiecelinforms on the
predictions of the SM. This section is a snapshot of the presembs$tiite art in the physics of
high transverse momentum phenomena as explored at proton — (anti)proton colliders.



In Chapter 5 we start to venture beyond the bounds of current dataenifingschapter is
devoted to the upcoming search for the elusive Higgs boson. Much of tlkeatptEs concerns
itself with the Large Hadron Collider (LHC) at the Europeamt€e for Nuclear Research
(CERN) because this facility, slated to become operational in ¥/ specifically designed to
search for, and discover the Higgs scalar (spin zero). Nevedheleswill see that the search
may be long and arduous.

Finally, in the last Chapter, we return to the remaining ten fuedéal questions raised in
the first Chapter. Some hint of theories beyond the SM and their qpasees is given. In
particular, the possibility that a new symmetry of Nature, a&isapmmetry (SUSY) relating
space-time and particle spin, might be discovered in the near future is discusse

Scope

The mathematical complexity used here is no more than calcubugevdr, the concepts
used require a good knowledge of quantum mechanics, special relatyisome acquaintance
with field theory. Knowledge of Feynman diagrams will be esdeinigpart because examples
of Feynman diagrams are given in the text and also because CERBUpplies diagrams for
any process which is specified. The intended audience is thencadvgraduate students or
research workers in particle physics. Full theoretical riggs, however, been sacrificed in an
attempt to reach as wide and as young a group of students as possible.

Units

In this text, we will use units that are common in high enphysics. The Planck constant,
h, has the dimensions of momentum (P) times length (x) or energy (E) times¢)ti(Re¢all the
Heisenberg uncertainty relatiodsxAP, 27 AFAt=#%). Thus # ¢ has the dimension energy
times length and numerically is 0.2 GeV*fm. The energy unit Usein is the electron volt
(eV), the energy gained by an electron in dropping through a potehtial/olt, and 1 GeV =
10° eV. The unit of length which is most commonly used is 1 fm 23Xn which is the
approximate size of a proton.

Other quantities with energy units are proportional to massrfnf),and momentum, cP.
We adopt units withz= ¢ = 1. In these units mass is in given in GeV, as is momentom. F
example, the proton mass is 0.938 GeV. Length, x, and ct have the dimarisiesse energy,
using z ¢ . We will use the notation [ ] to indicate the dimensions of a dyaittt should be
easy for the reader to restore units by replacing P with cP, m witandeso forth



Recall that the coupling constants indicate the strength of thacatiten and characterize a
particular force. For example, electromagnetism has a couptingtant which is the electron
charge, e and a “fine structure” constart € /47:c that is dimensionless. The electromagnetic
potential energy isU(r)=eV(r)=€e*/r and V(r) is the electromagnetic potential. The
dimensions of 2are then energy times length, the same as thoge .oThus, in the units we
adopt,7=c=1, e is also dimensionless. With~ 1/137, we find e ~ 0.303. Coupling constants
for the two other forces, the strong and the weak, will be iretichy g and the corresponding
fine structure constants loy with i = s, W.

The units for cross sectioa, which we will use in this text are barns (1 barn Z4n¥).
Note that(%c)? =0.4 GeV* mt wherel mb=107 cnf. The units used in COMPHEP are pb =
10*2b for cross section and GeV for energy units. As an examplecentar of mass, C.M.,
energy,\/g, of 1 TeV = 1000 GeV, in the absence of dynamics and coupling constantss
section scale o ~1/s ~ 400 pb is expected simply by dimensional arguments.

Tools

In this book we have used a single computational tool, COMPHEP, exignisoth in the
examples given in the text proper, and in the exercises. The asntovexpand the range of the
text from a slightly formal academic presentation to a naeractive mode for the student,
giving “hands on” experience. The plan was that the student wouldtiverexamples given in
the text and the exercises and then be fully enabled to do problemes own. COMPHEP runs
on the Windows platform, which was why it was chosen. The aimtwagve it maximum
applicability.

The COMPHEP program is freeware. We have taken the approach texthef first
working through the algebra. That way, the reader can make a “b#uok efivelope” calculation
of the desired quantity. Then she can use COMPHEP for a moréedetaamination of the
question. The use and description of COMPHEP is explained in de#aggendix B, where a
fully worked out example is given. A web address where the esd@eutode (zipped) and a
users manual are available is also shown in Appendix B. These @&mmalso posted by the
author at: http://uscms.fnal.gov/uscms/dgreenFreeware to unzip files can be found at
http://www.winzip.com/andhttp://www.pkware.com/




A word now about the availability of references. The use of Intearghives is rather
advanced in high energy physics, and we have attempted to make sibnaealable to the
reader. The reader with Web access will have very immedaess to the research literature.
One of the best places to search is at the Los Alamoshsibel/xxx.lanl.gov Looking under
“Physics” to “High Energy Physics — Experiment” (hep-ekpves us to search on author,
explore new preprints, recent preprints, or abstracts or searopi@s bf our choice using the
“find” feature. Many of the references cited at the endamhechapter of the text refer to this
site, making the papers then directly available to the student.

Free programs to read the file formats used in archivingetbearch papers, .ps and .pdf,
is also available on the web. For example, “pdf’ files are remdireeware available at
http://www.adobe.com/. “Postscript”, or .ps, files can be read using the download from

http://www.wisc.edu/~ghost/

Another useful site, which is extensively quoted in the refererectse Fermilab preprint
library, http://fnalpubs.fnal.gowhere the Fermilab references can be downloaded. Clicking on
“preprints” and then on “search” you can look for authors and or titldsttten download the
full paper. An exercise is included in Chapter 1 that gives therdtydactice in accessing the
literature.

A compendium of data in high energy physics can be found at thel@&réta Group site,
http://pdg.lbl.gov. Finally, available ahttp://www.AnnualReviews.orgare full review articles,
which allow the student to explore some of the longer review articles given iefélnences.

Our aim is obviously to make the information more immediate fordhder. In addition,
some of the references given at the end of the six sectiohs dé€xt are actual books. They, in
turn, are rich sources of knowledge within themselves and sourceslddfonal primary
references.



1. The Standard Model and Electroweak Symmetry Brelang
“It is better to know some of the questions than all of the answers” — James Thurber

“No theory is good except on condition that one use it to go on beyond.” - André Gide

1.1 The Energy Frontier

High energy physics concerns itself with the study of fureddat particles and the
interactions among them. Progress in high energy physics ipasiewas often due to an
increase in the available energy for the production of massivelpartSince colliding two
objects head on maximizes the total center of mass (C.M.) eardjlyence the energy available
for new patrticle production, we specialize in this text to coliides opposed to beams striking
“fixed” targets at rest in the laboratory. We are also istecein high mass phenomena, which
typically lead to particles at high momentum transverse to xfeed the colliding particles.
Thus, we concentrate on the very rare high transverse momentugy/éReor E;) reactions at
colliders.

In Fig. 1.1 we show the available energy for making particlea asiction of the year
when an accelerator began operation for the last ~ 30 years of high engsigg pésearch. Note
the exponential increase in energy as a function of time. Thedase has driven the rapid
progress in the field. There are two distinct curves, one for pro{@mtjproton colliders and
one for electron - positron colliders. In this text we must, in therésts of brevity, confine
ourselves to the former. Also in Fig. 1.1 we show the madstse aquarks and force carriers
(gauge bosons) with masses > 0.1 GeV and a schematic repiesenitdhe range of possible
Higgs boson masses.

Note particularly that there has been a steady streatiscdveries of new fundamental
particles of ever-heavier mass. This progression culminateshttg in the discovery of the top
quark, of mass 175 GeV, at Fermilab in 1996. Looking into the future, the Large Hadron Collider
(LHC) at the European Center for Nuclear Research (CERN)yde&s designed to fully cover
the mass range where the Higgs boson is thought to exist. Thenefamdimely to briefly
summarize the great accomplishment of particle physics, whitte iStandard Model (SM) of
fundamental processes. Following that, we can look ahead to the smathb Higgs boson,
which will be made possible by yet another advance in the erfevgtier. Note that the
constituent C.M. energy of Fig.1.1 is less than the proton- (anti)pfofdn energy for reasons
we will explain in Chapter 4 and Appendix C.
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Figure 1.1: The available C.M. energy as a functibthe year of the start of operations of an aegbr. Note the
two parallel exponential trajectories for hadronpmton — (anti)proton, and lepton, or electropositron, colliders.
The masses of the quarks and gauge bosons arsghals.

1.2 The Particles of the Standard Model

In the last century, relativity and quantum mechanics werebiced together to create
guantum field theory. This has lead to many insights. For examgle peaticle is required to
have an anti-particle. The first antiparticle to be discoverasl the positron, the partner of the
electron. In what follows we implicitly assume that each garthas an antiparticle partner
indicated as, for exampl@, being the antiquark partner of the quark, g.

The other great advance of the last century, general reJatias resisted inclusion within
the SM framework. Thus, at present the SM of high energy physissndb&ontain gravity as a
fundamental quantum theory. Clearly, then the SM is not a complete theory of Nature.

All three of the Standard Model forces are renormalizablening that calculations in
guantum field theory give finite results, while gravity does ndhis can be anticipated by
observing that classically the “fine structure” constant fovigraa,, , increases as the square of
the mass scale. This follows from noting that the gravitationahtiat energy, J(r) = G\M?/r,
depends on mass in comparison to the electrical eneggyr)l= €/r. The quantity @ is
Newton’s gravitational constant. The fine structure constants dbtbes appearing in the SM,
such as electromagnetism, where =e®/47mc~1/137, are dimensionless and mass
independent. The gravitational analogog, = G, M?/4shic, is not.

11



The SM particles consist of the spin % (i.e. J = intrinsic amgalomentum =#/2)
fermions (obeying Fermi-Dirac statistics) which are th&tter particles and the spin 1 bosons
(obeying Bose-Einstein statistics), which are the force erarrihat communicate the forces
between the fermions. A listing of these particles as understolay is given in Fig. 1.2. The
strongly interacting fermions are called quarks. They are orgdrag “doublets” with electric
charge Ql/e, in units of the electron charge, e, of 2/3 and —1/3. Timéorier with only
electroweak interactions are called leptons. The uncharged leptioich, tven have only weak
interactions, are called neutrinos.

J=1 d.y, W,Z°,W- Force Carriers
¢ t 23 Quarks
d s b -1/3
J=1/2 Qle=
€ K ¢ L Leptons
Ve " v, 0

Figure 1.2: The fundamental particles of the SMe Térce carriers are spin 1 bosons. The partidesatter are
spin ¥ fermions. The spin is indicated by the vaifi@, while Q/e is the electric charge in uniteof

Let us first consider the fermions, beginning with the quarks. The lightest querks {u)
and down (d) quarks, combine to form familiar bound states like the ngutidh and proton
(uud) which are held together by the strong force. The quarkdelreved to be bound
permanently in the proton, say, by the strong force. Ordinary matteade up of the u and d
quarks, which comprise the first “generation”. The heavier quarks lnayer masses, see Fig.
1.1, but otherwise respond universally to the strong force. They diregdished by a “flavor”
guantum number, which is the weak interaction analogue of “elettiacge”. These heavier
quarks comprise the second and third generation. particles contanmsingestjuarks were seen
in cosmic ray events in the 1950’s. The charm quark (c) was discbwred 974, the bottom (b)
quark in 1977 and the top quark (t) in 1996.

The leptons are the fermions that do not have the strong “ch@aégd “color”) as the
qguarks do. The lightest charged lepton, the electron, has been known fahaeroeecentury. It
was discovered by J. J. Thompson in 1896. The leptons in Fig.1.2 are negaielgd; the
electron is defined to be a patrticle, the positron an antiparticteoiher charged leptons appear
to be simply heavier “copies” of the electron all having the semteeactions. (“who ordered

12



that?”, as I.I. Rabi was heard to say when the muon was discovEnedjharged lepton masses
for e, u,andr are 0.5 MeV, 0.105 GeV, and 1.78 GeV respectively. As with the quarks, the
leptons comprise pairs of three recurring generations. The tau lepton was disao&Zsl |

The uncharged leptons are called neutrinos and they interact oakjywbaving neither
“color” nor electric charge. The radioactive “beta decayho€lei has also been known for a
century. These decays were the first evidence for the pgestef a “weak force” which caused
the conversion of a proton into a neutron and a positron. Neutrinos wethésiged to also be
emitted in these weak decayp,—» n+ € +u,, but their very low interaction probability made
their direct experimental detection a fairly recent phenomenon. eléwron neutrino was
observed in 1953 near a reactor, which supplied a copious source of neliin@ésu neutrino
was just now seen at Fermilab in 2000. The masses of the neutinoseasured to be very
small and for our present purposes are assigned a zero masfdseaiso have “flavor” and
come in three distinct varieties, paired to the charged leptons, as seen in Fig. 1.2.

We now turn to the force carriers of the SM. The forces améedaby vector (J = 1)
bosons. The massless quantum of the electromagnetic field, the photon, has also beas known
fundamental particle for almost a century following the explanaii the photoelectric effect by
Einstein in 1905. The strong force is carried by massless “glugnshat carry “color”, the
strong force analogue of the charge of electromagnetism. Theoelagnetic force is carried by
the neutral photory), and the weak force by the "V¥° and W, which carry “flavor”, the weak
force analogue of electric charge.

The strong force is needed to explain why the Rutherford nuckusound, since
electrostatic repulsion of the protons in the nucleus would othernesd it apart. Gluons were
first seen experimentally in the 1970’s when they were redliet electron - positron collisions
yielding a quark-antiquark pair and a gluon in the final state; € — g+ q+ c. There are
eight gluons, each with a distinct color combination.

The weak force is responsible for radioactive decay, wheredbkear charge changes
accompanied by the emission of an electron and an antineutrinop+ € +0,. The force was
initially thought to be weak because the decay rates for lieita“decay” were very slow with
respect to those of electromagnetic decays. A complete temttiregy of the dynamics of weak
interactions awaited the discovery of the W and Z bosons at CERN83. The masses of the
W and Z are ~ 80 and 91 GeV respectively. The mechanism by WadW and Z obtain this
mass is called the Higgs mechanism. The search for the Higgs is the temralof this book.

13



The electromagnetic quantum, or photon, couples to charge, the gluons cougtd “
charge and the W and Z bosons couple to weak “flavor” charge. Gluotftagsoeblind”, so all
quarks interact with gluons with the same forces up to theteféédheir different masses. The
“flavor” quantum number is therefore conserved in the strong interactidrnish means that
heavy flavors must be strongly produced in particle-antipanigies. The weak interactions are
“colorblind” so that the three colors of quark all have the same weak interactions.

At this time the only undiscovered particle known to be required in kheésShe Higgs
boson. This is a hypothesized to be a fundamental spin O field quanturhabdeds not appear
in Fig. 1.2. It is invented to be responsible for giving mass not onlyetdt and Z bosons but
also to the fermions of the SM. This brief introduction completesntrentory of the “periodic
table” of the SM of high energy physics, indicating all the known fundamentatiparti

There are many experimental facts that are simply put &M “by hand” because the
fundamental reason for them is not yet understood. For example, cluanmfezation is imposed,;
all electric charges, Q, appear in 1/3 units of the electrorget& Proton stability is put in by
hand; there is no fundamental dynamical reason known why protons docagt da contrast,
“color” and charge are associated with an exact symmetrihéoistrong and electromagnetic
interactions. Thus we expect charge and “color” to be conserved rigorously.

There are observed to be three “generations” of quarks and leptonsdieated
schematically in Fig. 1.2. The reason for the existence of tm@eoaly three “generations”,
distinguished only by a “flavor” quantum number such as strang&esharm (c), beauty (b),
or top (t) is unknown.

The charge changing (beta decay) weak interactions, mediatibe lsprarged W bosons,
do not conserve flavor. Thus, the heavy quarks and leptons ultimately ttiethe u, d and e
familiar to us as the constituents of ordinary matter. The filady charge changing quark
transitions are contained within a generation; u -> d% &> s + W and t=> b + W'. The
strength of these charge changing quark transitions is némalgame as the strength of the
charge changing lepton transitions, - v, +W, ¢~ - v, +W, 7" - v, + W embodied in
the universal Fermi decay constant G. The favotedkgand lepton transitions can be viewed as
a downward transition in Fig.1.2 with accompanyldgmission.

As discovered in the 1970’s, there are also newteslk interactions mediated by thé& Z
There are no flavor changing neutral weak inteoastiby construction; they are required to be
“diagonal” in flavor. For example, there are nedcu + 2. The Z boson decays into flavor pairs
of quarks and leptons, but, for examp, - cu is not allowed nor arg’+€ decays. In Fig.1.2
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there are no “horizontal” neutral weak transition&nother example iy -+ €y which is not
allowed because flavor is not conserved and chdogs not change. The experimental upper
limit of the muon decay probability into this finstate is 2 x 18", which is indeed small.

1.3 Gauge Boson Coupling to Fermions

So far, the SM particles have been given more 8 &s static objects lodged in the high
energy physics “table of the elements”. To bringnthto life we need to explore their dynamics.
There is a great organizing principle for interact in the SM called “gauge symmetry”. We
will not proceed from this first principle, but wibke a short cut and move ahead by exploiting
the analogy to the very successful field theory ebéctromagnetism. Therefore, as with
electromagnetism, we expect massless vector basamajuniversally coupled to the fermions.

Another force that is very familiar to us is grgviGeneral relativity asserts that Physics is
the same in any general coordinate system. Thairmrequires the existence of a metric tensor
or spin 2 massless “graviton” quantum coupled usay to mass with Newton’s coupling
constant = (.

Therefore we again, by analogy, might expect massiector quanta with universal
coupling. What, precisely, specifies the interactal the bosons with the fermions? We again
appeal to electromagnetism. In classical mechanitkse Hamiltonian formulation, the student
has presumably seen that the free particle Hanmltois converted to one describing fermions
interacting with photons by the replacement of nhementumP by P -eA where A is the
vector potential of the electromagnetic field.

The formulation of interactions in non-relativisiloantum mechanics is the same, where
P - i#0 is the classical to quantum replacement, as shalstal be familiar to the student. To
describe quantum fields we will ugefor fermion (J = %) fields¢ for scalar (J = 0) fields, and
¢ for vector (J = 1) gauge fields in this text. Faoasses, m is used for fermions, M for bosons.
Therefore to describe electromagnetic interacttbesordinary derivativeéd , is replaced by the
“covariant” derivative D, in the free particle Lagrangian. The Greek subsgtriis used for
indices running from 1 to 4 as is standard notafttomelativistic equations.

d,-D,=0,-ieA, 1.1
The photon couples to all the charged pairs thaster the SM. The fundamental

interaction vertices, which appear in the Feynmiagrdms, contain 2 fermions and a boson with

a coupling strength of e in the reaction amplitutiee strength of the coupling is universal and

is, aQ? in the reaction rate where the charge, Q, of tialqor lepton was shown in Fig. 1.2.
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yg, L0 1.2
The strong interactions have a very similar cogpnheme of the massless colored gluons
to the colored quarks. The strong coupling constagy, with strong fine structure constaat,
which has a value ~ 0.1, about 14 times larger tharelectromagnetic coupling, as befits the
strong force. The Feynman vertices for the stranwgd have the gluon, g, coupling to quark-
antiquark pairs. The amplitude is proportional §o g

goqq 1.3

For the weak force, there are charge changing, tetay, interactions caused by the
charged W bosons and neutral weak interactions atextliby the neutral Z. In fact, we now
realize that the “weak” interactions are not irgrgally weak. They are, indeed, unified with
electromagnetism and have the roughly the samagitreTherefore, we speak of the unified
“electroweak” force. In fact, the fine structurenstant for the weak force g, ~ 1/80d the
unification of the forces is embodied in the reaship,e= g, sing,, a,, = g, /4, defined by
the Weinberg angle, , a quantity whose magnitude is of order one. Talaesof the Weinberg
angle is not predicted by the SM and must be medsekperimentally. It has the observed
value,sing,, = 0.47¢.

The interaction vertices for the charged and neuteak interactions are:
Wqq,W (v, Zqq, 2070, Zv,p, 1.4
In general, the W can couple to all charged quarkspqd . However, as stated before, the

most probable pairs ar#y ud, W™, andW tb . The coupling of the Z is to flavorless pairs of
guarks and leptons, as mentioned above.

The W boson must have a large mass in order to riekenteraction appear to be weak
and short ranged. The Yukawa form of the interacpotential of a massive vector boson of
mass M ~ I (A is the Compton wavelength) is, V(r) ~ [exp{)ff] which is weak at large r due
to the exponential factor but is roughly Coulonke)iV(r) ~ 1/r for r <<A. The effective range
of the force ish ~ 0.0025 fm for an 80 GeV W mass. At an energylesch 1 GeV, the
exponential reduction factor is about*0""" explains why nuclear beta decay appears to be
weak (long lifetimes, small decay rates). It regdithe advent of accelerators of sufficient
energy, comparable to the W mass, for us to redhiaeelectromagnetism and weak interactions
were aspects of the same force, exhibiting the satmmasic strength.

In non-relativistic quantum mechanics the reactroatrix element is the interaction
potential bracketed by free plane wave initial dindl states in the Born approximation. The
amplitude is thus the Fourier transform of theriatéion potential. We appeal again to the case
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of electromagnetism because it should already indifa to the student. The Coulomb potential,
V(r) ~ 1/r, and the photon “propagator”, V(q) ~ 4fqr the massless photon should be familiar
where ¢ is the magnitude of the difference of @ecbtomentum between the initial and final
fermion states, the “momentum transfer”. For examputherford scattering has a reaction
amplitude ~ V(q), or a cross section with charastierbehavior, 4/q".

For a particle of mass M, the Fourier transformiraggves the transition matrix element,
A, in momentum transfer, or q, space. The raigs ~ 1/M so that heavy quanta are localized
in space and have small reaction rafes| Af~V(q)> ~1/M*, for g << M.

V(r)~e™ I, V(q) ~1/(F + M?) 1.5

1.4  Gauge Boson Self Couplings

We assume in what follows that all ordinary deliwed that appear in the free particle
Lagrangian are to be replaced by “covariant dekreat which contain the coupling constants
and the fields of the gauge bosons. This proceiduitene in analogy to electromagnetism. There
is an immediate implication of the gauge presariptior replacement of an ordinary derivative
by a covariant derivative in the Lagrangian. Thentén the Lagrangian representing the free
particle kinetic energy for a boson field is qudidran the field and the derivative. This follows
from the relativistic relationship of energy, morhen, and mass (see Appendix C) ;
E=VP*+M?* P,P“=M?, and the quantum mechanical operator replacentent,id which
then vyields the Klein-Gordon Lagrangian density rappate to bosons{ = (0¢)"0¢— M g,
which has a “kinetic energy” term and a mass term.

Therefore, for a vector gauge fiel@,, with coupling constant g, the free kinetic energy
under gauge replacemerd =0 —-ig¢ ,¢ =W,Z,qg, yields trilinear and quartic couplings, as
shown schematically in Eq.1.6. For the familiareca$ electromagnetism, since the photon has
no electric charge, these self-couplings are abs¢émwever, for the gluons, which carry color
charge, and the weak bosons, which possess fldnavge, these couplings are predicted in the
SM and lead to measurable cross sections due taaheinteraction terms in the Lagrangian
density for interactions(, .

(0¢) (0¢) — (D¢) (Dg) 1.6
t,~g (09)P9, 9°PPP¢
Although self-coupling is absent for photons, teitiation is not completely novel in
classical physics. An example, which should be liamto the student, appears in general
relativity. The binding energy of gravity must haveass by the equivalence principle, since all

17



energy is equivalent to mass. Thus the gravitatifield itself gravitates; it has gravitational
“charge” = mass. In general relativity this resuft€lassical non-linear field equations.

In the case of W, Z, and g, by analogy with grgvihe fact that they carry “charges”
means that they self-couple. These interactionwdmat the gauge bosons exist, even in the
absence of matter (fermions). They are indicammatically in Eq.1.7, which represent the
fundamental vertices that can occur in a Feynmagrdm.

ggc¢, gg9c¢
W*'W™y, W'W~Z 1.7
W'W™py,WW~)Z WW ZZ, W'W W'W"~

We have just completed a whirlwind summary of thé 8 is at this point that we can start
to join current research in high energy physicsthis text we will use the computer code
COMPHEP, developed at Moscow State University,gbrgimerical results for SM processes.
The code can be used to evaluate both decays #od2 collisions into any number of final
states. It is available in a Win98 or higher vemsibat will run on any personal computer using
this most common of operating systems, Windows. Sthident is very strongly encouraged to
download the code, read the users manual, do tbecisgs of Appendix B, and from then on
follow and reproduce the examples shown in the fExé student can, in this way, get a “hands
on” experience of up to date research in high gnphysics and enhance the utility of the text
per se.

There is recent strong experimental evidence fer d¢Ristence of triple gauge boson
couplings from electron-positron collider experirteenin the particular case of WW pair
production in electron — positron annihilations ffreynman diagrams (available in COMPHEP)
are shown in Fig. 1.3. Triple W'y and WWZ couplings, of the photon and the Z to W pairs,
are involved.

91>_ﬂ_{,\y,~w+ 91—>F-<--w— -f.'1>>_z_4‘;r’w+
E1 e | ——L e oy

Figure 1.3: Diagrams for electron — positron aratfon into W pairs in COMPHEP.

The cross section given by COMPHEP is shown bel®wa function of the available C.M.
energy. Note the rise from threshold at ~ twice\Whenass. Since the W is unstable under weak
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decay, it has a finite lifetime and hence a finite mass width~# /7. This width makes for a
slow rise of the cross section from the threshotd/¥ pair production.

COMPHEP g+s- - W/

5 . . . . . . . .
160 170 180 120 200 210 220 230 240 280
cm energy (Gev)

Figure 1.4: Monte Carlo program results for the Veky'ss section as a function of C.M. energy in ebecpositron
annihilations.

Experimental data from the CERN Large Electron-fPasicollider (LEP) are shown in
Fig. 1.5. The agreement with the COMPHEP predict{brg. 1.4) is good, indicating the
experimental confirmation of the predicted tripleuge boson couplings. We also see that the
cross section for simple neutrino exchange is latiggn the full SM cross section. Therefore, a
quantum mechanical destructive interference betwaraplitudes is required to describe the
experimental data. The COMPHEP tool has thus lejuiskly get up to speed in examining
current results in high energy physics.
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Figure 1.5: Data [ ref.1, with permission] from th& experiment at LEP on the cross section for W¥ir p
production in electron-positron annihilations. Ténés a ZWW coupling (Fig.1.3) which is requireddescribe the

data properly.

What about the predicted quartic couplings? The &ty at CERN has an energy that
is insufficient to produce three heavy gauge bossosve have, as yet, no data to check against
the predicted quartic couplings except in the aalsere the third boson is a photon. The triple
gauge boson final states are produced by way gfahas some of which contain quartic gauge
boson couplings. The student should verify thaediss by looking at the Feynman diagrams
for electron + positror> WWZ in COMPHEP.

The observation of these processes at the predictss$ section would be an important
confirmation of the SM. However, the data takingadva decision to build a new energy frontier
accelerator to extend the electron-positron calli@eVl. energy range shown in Fig.1.1. The
proposed device is called the Linear Collider (LE)X.M. energy of > 251 = 80 + 80 + 91 GeV
is needed to make ZWW, as seen in Fig.1.6.
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Figure 1.6: Cross sections [ref. 2, with permiskionfb, = 0.001 pb, for various processes as ation of C.M.
energy in electron-positron annihilations. WWZ &#¥Z have quartic gauge boson contributions andscsestion
of ~ 100 fb and 1 fb respectively. The shaded medias already been explored by the LEP experiments.

Meanwhile, there is data from the final data-tgkperiod at the LEP machine on the
cross section for the production of té"W~) final state as a function of C.M. energy. The
expected cross section of ~ 0.3 pb compared tadb2@mpWW is indicated in Fig. 1.6. The fact
that the data shown in Fig. 1.7 is in agreemertt e Standard Model prediction indicates that
this specific quartic gauge boson coupling apptaexist and have the predicted strength. That
fact gives added support to the prediction thatwhak gauge bosons are themselves carriers of
weak charge.
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Figure 1.7: Cross section at LEP [ref 3, with pessian] for the production of the WAifinal state as a function of
C.M. energy.

1.5  The Higgs Mechanism for Bosons and Fermions

We now turn to the Higgs boson as the last undmseals SM particle. First we need to
further discuss the weak interactions. They wenarmpaterized by Fermi in the 1930’s as an
effective 4 fermion interaction with a universalupting, G ~ 10 GeVZ. The parameter G is not
dimensionless, so we expect that it is not a furetdal quantity. The muon decay widtj is,
by dimensional argument (G defined so that the ylemt® is proportional to G[G?] = 1/M?, [']
= M) proportional to the fifth power of the muon ssal’, ~ szus, which yields an estimate for
the decay width of 1/(6.6 x 10°° sec) or 0.66 nsec for the lifetime, The decay width has units
of mass, while the lifetime has units of time orarse masg,['] = M,[r] =1/M . Since a strong
process lifetime could be estimated to be;#/T" ~(7/ajm,) ~ 10% sec, the decays are indeed
slow with respect to strong interaction rates.

The Fermi four fermion effective theory is not remalizable. A first attempt at
modification is to replace the four fermion “corttamteraction with a “propagator” which
spreads the interaction out in space-time and thalkes the interaction less singular. This is
shown schematically in Fig. 1.8. We need to asaitprge mass to the weak W boson in order
to ensure that the interaction is weak at low erergEffectively, thenG - g,°/M?Z .The
fundamental strength of the weak interactionsy then becomes comparable to the
electromagnetic coupling e. Assumirgy, ~e=0. 308e then find thatl//G = 296GeV or
M,, ~ gy, /~/G =89.7 GeV.
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9w’ /M,

Figure 1.8: Schematic representation of the decaitipn of the effective Fermi coupling constant ®oi a
dimensionless couplingygand a propagator for a vector boson of mags M

This improves things but does not solve them. Tleakmess of the weak interactions at
low energies requires that the W and Z acquire esass100 GeV. However, we also need the
theory to be a renormalizable one. That requires gpplication of the weak gauge theory
described in Appendix A with mass given to the W arbosons.

It turns out that simply adding a term to the fumeatal Lagrangian with an explicit W
mass term destroys the renormalizability of thetheTherefore, it is necessary, in the simplest
case, to hypothesize the existence of a fundamscdiddr field which has an interaction potential
V(@) shown in EQ.1.9. The interactions representedhisy potential induce the masses of the
vector gauge bosons. The potential representstheaipling of the Higgs bosons and contains
two arbitrary parameters. The parameteris dimensionless (see Appendix A), while the
parameteru has the dimension of mass.

V(p) = 1* ol +A 1ol 1.8
The minimum of the Lagrangiam@V /d@=0, which we identify as the vacuum state,
occurs not at zero field but at a non-zero “vacwaxpectation value”, ¢ >.

<@>*=-17 122 1.9

In most other cases in physics the vacuum is & stdah zero average field. However, a
classical situation with similar phenomenology ascin superconductivity, which may be
familiar to the reader. The free massless photgniegs a mass inside a superconductor and thus
the electromagnetic field is excluded from a supedcictor (recall the exponential suppression
of the potential for a massive boson) except famall “skin depth” near the surface in the
Landau-Ginzburg theory of superconductivity. Welwée, by analogy, that it is the interaction
of this vacuum Higgs field with all other fermioaad bosons that endows them with a mass. A
plot of Eq.1.8 for a particular choice pfandA is shown in Fig. 1.9.
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Figure 1.9: Plot of the Higgs potential for a pautar choice of the two parameters that define lthggs
interactions.

The alert reader will note that the Lagrangian dgng ~ (0¢) 0@ +V (¢), does not vanish
in the vacuum state. There is a “cosmological teM(< ¢>) ~ A < @>* which we will discuss
in Chapter 6. This term implies that the vacuumesfassesses an energy density due to the
Higgs vacuum expectation value of its field.

Recall that the covariant derivative contains ikl W and Z. Suppose an additional field
@ exists and has a vacuum expectation value. Tadigeouplings we described already for the
vector gauge bosons then give mass to the W arithi&. is called “spontaneous electroweak
symmetry breaking” because the masses are notcikplassigned initially but appear
spontaneously by way of interaction with the Higgsuum field. The gauge replacement for the
kinetic energy of the hypothesized scalar fieldlget a weak boson massg, < @>, since the
W mass term in the Lagrange density+sM °@, ¢,,, Where g, is the vector gauge field of the
W boson.

(D9) (DY) ~ gy < @>"18ud\, 1.10
The weak gauge bosons,”VZ° W, acquire a mass by interacting with the "vacuum
expectation value" of the Higgs boson field, wiile photony, remains massless. The coupling
gw can be connected to G by noting that the 4 ferrmtaraction can be related to the effective
propagator, G ~f/Mw? gw = esirBw. Thus, from G, e and si) we can predict M. The
Weinberg angle in turn can be determined from ¢wrrent weak neutrino interactions (see
Appendix A). The resulting prediction, W~ 80 GeV was confirmed in the early 1980’s at
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CERN in the proton - antiproton collider experingerdt/Al and UA2. The vacuum Higgs field
thus has the experimentally determined valy, <174 GeV.

M, =g, <@>/+/2,M, =M,, /cos,, 1.11
The ratio of the W and Z masses is predicteld, = M,, /cosg,, (see Appendix A). This
prediction of the SM has also been experimentaitgldished to high precision.

The W and Z masses are fixed by the Higgs mechanisth specify one of the two
parameters of the Higgs potential. Let us turn movermions. The masses of the leptons and
guarks range over 5 orders of magnitude from theten, 0.5 MeV to the top quark, 175 GeV
(see Fig.1.1)In the interest of simplicity, we again use the wan expectation value of the
Higgs field to create the mass. A fermion massmamnduced using the Yukawa couplings of
fermion pairs to the Higgs boson. These couplimgsat specified by the gauge symmetry; they
are simply put in by hand. This is convenient aadchpact, but does not lead to new predictions.

The Yukawa coupling, ;g of the Higgs field to the fermions is postulatead be,
(~g.[@# @y ]. A vacuum expectation value for the Higgs field; g, < @>[@y] =m, [Fy],
then induces a mass term; .nfsee Appendix A). The coupling of the Higgs to light quarks is
rather weak with respect to coupling to W — in the ratit.

m, =g, <g>=g,[V2M, /g,]
gr = (M, /M,)/2
We have not gained anything in predictive power, thiet Higgs field can generate the

masses of all the fermions just as it does forgdnege bosons. The difference is that there is no
prediction for fermions. For each mass we have axgld our ignorance of a mass for an
unknown coupling constant;. gHowever, there is still the prediction that thégd$ boson
couples to fermions with strength proportionallie tnass of that fermion. Confirmation of that
SM prediction is very important and will be lookied in future.

1.12

1.6 Higgs Interactions and Decays

In the previous section we saw how the vacuum da&pien value of the Higgs field could
give a mass to all the particles in the SM. Theatakons, ¢, , of the Higgs fieldgp <@>+q,,
imply the existence of field quanta just as theitatons of the electromagnetic field are
identified as the photon. The couplings of the Higgcitation to the bosons and fermions are
indicated schematically in Fig. 1.10.
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Figure 1.10: Schematic representation of the iotemas of the Higgs boson with both fermions anddis in the
trilinear case.

There are interactions of the H particle both wi#tuge bosons and self-interactions, as was
the case when we looked at the vector gauge c@#lirooking at the kinetic energy term for
the Higgs field/ ~ (0¢) 0 and making the gauge replacement of the derivgtiveigg , there
are triple and quartic couplings of the Higgs gadotthe electroweak gauge bosons. Therefore
we expect,@,,@,,@.,, ¢.9 @@, couplings in analogy to Eq.1.8. The gluons andqimdo not
carry flavor. Hence they are “flavorblind”, and dot couple directly to the Higgs.

We will defer any discussion of Higgs self-interaos that are specified in Eq.1.8. Suffice
it to say that, as gauge couplings, they are spedify the gauge principle, just as those of the W
and Z are. Therefore, they are a clear predictibthe SM and should be experimentally
challenged.

The triple coupling is to the mass of the W and Zdms, ¢ ~ gu° <@>[ P, P?.] ~ IWMw
[#.,9w®.]. The existence of this interaction means that kiggs scalar, if it is energetically
possible, preferentially decays into W and Z painsesthose couplings are much stronger than
the couplings to the fermions.

The decay width into W pairs is shown beldwhe rate depends on the weak fine structure
constant and ofd, wheref is the L = 0 ( L is the WW angular momentum) thmdHactor =v1
— (2 Mw/Mp)? which is the velocity of the W in the Higgs C.M.tivrespect to c. The centrifugal
suppression fact@®-*! is due to the fact that larger angular momenturarmséarger centrifugal
force, pushing the Ws away from the Higgs and redutihhe decay probability. This factor is
familiar from the study of the central force prablen quantum mechanics, for example the
hydrogen atom.

Thus the partial decay width depends strongly erHiggs mass, as the third power.

F(H = WW)/My ~ @w/16)(Ma/Mw)*B 1.13
Unfortunately, there were two parameters definfrglliggs potential, Eg.1.8, and we have
fixed only one by experimentally finding the vacuusmpectation value of the field (see
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Appendix A, G ~a,, /M, ~1/ <@>%). Thus the Higgs mass is an unknown parametehef t
SM, which must be determined experimentally. Usheg Higgs potential, \4f), and expanding
about the minimum ap=<g¢> , we find that the mass i, :<¢J>\/§:246GeV\/I
Since the remaining parameter is an arbitrary dgioemess coupling, there is no prediction for
the Higgs mass in the SM.

A rough upper limit for the mass can be inferrecewlthe Higgs excitation ceases to be a
recognizable resonant state, which is when the weakactions become strong.

FH - WW)/My ~ 1 if My ~ My (4Naw) ~ 1.7 TeV 1.1¢4

We move now to the coupling of the Higgs to fermjonkich is defined by the Yukawa
coupling with a fermion coupling constant;. g herefore the Higgs couples to fermions
proportional to their mass, Eq.1.12. The very loass) ~ 4 MeV, of the u and d quarks which
make up the proton which is the particle we willide with itself or its’ antiparticle, means that
the Higgs boson couples very weakly to ordinarytemafThe coupling is g~ 0.000023, very
weak compared to e = 0.303y & 0.65 and g= 1.12. Gluons are not directly coupled either.
This weak coupling makes discovering and measuhagoroperties of the Higgs scalar a great
experimental challenge. In contrast, the heaviestrlq the top, is strongly coupled, § gy
(mdMw)/vV2 ~ 0.99.

The Higgs decay width into quarks is shown in Ep1For leptons the same result holds
save that the color factor of three should be @uwitis we no longer sum over all final state
colors. The decay is into a fermion — anti-fermjmair which has the quantum numbers, P =
parity, L = orbital angular momentum, S = spin dagumomentum and J = total angular
momentum. The pair has charge conjugation C aritypa; C = (-1Y*°, P = (-1¥*. The Higgs
is a scalar, ¥ = 0", so that the pair must have L = 1, because thiaéit parity of a quark and
an anti-quark are opposite. The threshold factartioeed above is, for L = B3.

F(H - qa)/ My, ~ (3, /8)(m, / M, ¥ 5° '1.15

The total Higgs decay width as a function of Higgsss is given in Fig. 1.11. Note thé M
behavior at high masses, as expected due to thandooe of the WW and ZZ decay modes. At
low masses, a linear dependence on Higgs masg ofettay width into quarks is expected, from
Eg.1.15 and is seen as a steep drop in width vethedsing Higgs mass. The experimental mass
resolution expected in LHC experiments (ChapteisGhuch larger than the intrinsic width of
the Higgs at low mass. Thus, the total width is ohated by the experimental mass resolution
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and the intrinsic width will be unobservable. Clgaif the Higgs is a relatively low mass object,
optimizing the detector resolution will be of ocal importance.

3 Higgs Width
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Figure 1.11: Higgs decay width as a function of sr@emmed over all fermion and boson final states.

The ZZ and WW widths can be computed in COMPHEP @mdpared to Fig. 1.11. The
student is encouraged to see if the results caduipdicated. The COMPHEP program also
allows us to evaluate the “off shell” decays of id$ into ZZ = Z¢*¢” which can occur at a
mass below R1, because of the spread in mass of the Z resonaracactérized by the Breit-
Wigner width (see Appendix A).

The ZZ and WW widths from COMPHEP are included ig.A.11. Note the threshold
behavior at Higgs mass equal twice the W masslandltimate, high mass cubic dependence on
the mass. Note also that a 1 TeV mass Higgs haB.a *eV decay width into ZZ + WW pairs,
so that the width to mass ratio is already 30%. Hilggys branching ratio into top pairs is smaller
than that into W or Z pairs, and is ignored in #ssimate.

We will return to the subject of finding the HiggsChapter 5 after we arm ourselves with
the tools we need in the next three Chapters.
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1.7 Questions Unanswered by the SM

We have tried in this first Chapter to give an @@ of our accumulated wisdom in high
energy physics obtained over the last 40 years arenThe treatment has been brief and the
mathematics has been simplified. Nevertheless, ape lthat the basic insights of the Standard
Model have been presented and partially explais also assume that the student has by now
acquired some facility with the COMPHEP program anlll reproduce the examples given in
the text as the exposition unfolds.

There are many arbitrary parameters contained enSttandard Model. For example, the
three fine structure constants g, a,, , the six masses of the quarks, and the threeema$she
leptons (six if neutrinos are allowed to have smakses). Many of these parameters have to do
with the replication of the pattern in the Standi&rddel into three generations. We do not yet
understand why they take the values we measureaimgrgally.

We list below some of the unresolved fundamentaistjans that are not answered in the
context of the SM. It would be the height of preption to imagine that we can do more than
explain the experimental program, which is now gemounted to explore the second question,
to which we devote Chapters 2-5 of this text. Wd, vmowever, very briefly return to these
qguestions in Chapter 6. Our aim here is to brikgéhquestions forward to the student so that she
is aware that the SM, although a wonderful edifidech explains all our present experimental
data, appears to be incomplete and therefore shgat. Clearly, there remains a lot of work for
the next generation of high energy physicists to do
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Questions

1.

2
3
4.
5

© 0o N o

11.

12.

How do the Z and W acquire mass and not thegpi?ofChapter 1)

What is My and how do we measure it? (Chapters 4,5)

Why are there 3 and only 3 light “generation&hapter 6)

What explains the pattern of quark and leptosses and mixing?

Why are the known mass scales so differégis ~ 0.2 GeV (strong interaction field)
<< ¢ >~ 174 GeV (electroweak scale)

<<Mgut ~ 10° GeV (Grand Unified scale)

<<Mp_ ~ 10" GeV (Planck mass scale where gravity becomesgjtron

Why is charge quantized?

Why do neutrinos have such small masses?

Why is matter (protons) ~ stable?

Why is the Universe made wholly of matter? (@hation)

What is “dark matter” made of? There is no pilble SM candidate particle. What is
“dark energy”?

Why is the cosmological constant so small? Vd=ium Higgs field leads to a constant
which is 16° times the closure density of the Universe.

How does gravity fit in with the strong, eleetragnetic and weak forces?
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Exercises

1.
2.

Download the COMPHEP code and read the UsersiMa

Read the worked example in Appendix B. Finel ¢tross section for electron — positron

production of W pairs at 200 GeV and compare thoresult quoted in the text, Fig. 1.4.

3.
4.

10.
11.

12.

13

14.

15.

16.

Download the .pdf reader from the Adobe giioted in the introduction.

Use your web browser to find the Fermilablations sitehttp://fnalpubs.fnal.gov Then
click on preprints and search. Look for author "Nggmery” and find “The Physics of
Jets”. Download the paper as a .pdf file. Themogihe site,
http://fnalpubs.fnal.gov/archive/1998/conf/Conf-388.pdf. Compare to reference 7
guoted in Chapter 2, H. Montgomery, Fermilab —C@84398 (1998).

Evaluate the Fourier transform of the Yukawgeptal and verify that it has the form of a
“propagator” with mass as indicated in Eq.1.6

Use COMPHERP to find the cross section for etect positron production of ZWW and
compare the result, at 1 TeV C.M. energy to thatwhin Fig.1.6.

Find the minimum of the Higgs potential, EqQLté confirm Eqg.1.11.

Evaluate the Higgs width into W pairs for adVTHiggs boson.

Evaluate the Higgs width into b quark pairsddr20 GeV Higgs boson.

Use COMPHEP to evaluate the widths given iarEises 8 and 9 and compare the results.

If the proton had a lifetime of ¥0years, how many decays would occur in your body in
1-year period?

If the neutrino to proton ratio in the Unise is ~ 18and if the mass density of the

Universe is ~ 1 p/f estimate the neutrino mass needed if they abe tesponsible for the
entire mass density.

. Use COMPHEP to look at electron — positron potion of H + Z. Check the Feynman

diagrams. For Higgs mass of 130 GeV find the ceesdion at C.M. energy of 250 GeV.
What is the cross section for H + H + Z at ener§yp@ GeV? Look at the Feynman
diagram to confirm that triple H and quartic H cbngs contribute to this latter process.

Look at the COMPHEP model parameters for gaark lepton masses and compare to
the Figure given in this Chapter

Use COMPHEP in the SM and compare the list aftigles to that given in the
corresponding Figure in this Chapter.

Find the W and Z decay width and brancliragtions in COMPHEP, W -> 2*x, Z ->
2*x. Compare to the data shown in Chapter 4.
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17.

18.

19.

Use COMPHEP to look at electron-positron W pgaiduction. How many Feynman
diagrams are there? Turn all but 1 off and evaleath in turn. Which is largest? What is
the full cross section? Are there destructive fetences? Look at the energy dependence
of each diagram too. In particular show that witllyothe neutrino exchange diagram
active the cross section at C.M. energy of 200 GeV43 pb.

Use COMPHERP to find the cross section at 1 T=M. energy for electron-positron
production of WWZ. Check the Feynman diagrams #tkat this process probes quartic
gauge boson self-couplings.

Use COMPHERP to explore the vertices in the &agian of the SM and compare to the
results quoted in this Chapter and “derived” in Apgix A.
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D. Green, Lectures in Particle Physics, World Sdien1994.
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2. Detector Basics

“Facts are stubborn things; and whatever may emshes, our inclinations, or the dictates of
our passions, they cannot alter the state of fauntisevidence.” - John Adams

“When you can measure what you are speaking alamgt,express it in humbers, you know
something about it.” William Thomson

2.1 SM Particles - Mapping into Detector Subsystems

Chapter 1 served to define the particle content iateractions of the Standard Model
(SM). The discussion of the Higgs boson width iraftier 1 also showed that detector resolution
would determine the sensitivity of searches for loass Higgs particles. Our plan is to discuss
in this chapter how the fundamental particles ¢ ®M are detected and their kinematic
properties measured. Specifically we want to disdhe accuracy that we can expect to achieve
in measuring the vector position and momentum @he8M particle that is produced in a
collision.

We also wish to do “particle identification”, tha to identify a produced particle
unambiguously as a unique element of the “periadide” of the SM, which was shown in
Figure 1.2. We will use that information in theelaichapters because it will inform on the
optimal search strategies for new particles.

The discussion of detection principles that is givere will be very schematic. Several
references are given at the end of this chaptechadupply many details of potential interest to
the student. We assume that the reader is familtarmagnetic fields, ionization energy deposit
in materials, and the electromagnetic interactmfnsharged particles.

A schematic view of a typical general purpose deteused in high energy physics
experiments is shown in Figure 2.1. The detectselfitis logically broken into distinct
subsystems. A solenoid electro-magnet coil prodacksge volume of axial magnetic field, in
this example of strength 4T (1 T = 1 Tesla = 10G@@Qiss). The purpose of this magnetic field is
to bend all of the charged patrticles, which arettenhi from the production point, or production
vertex, by an amount that depends on the momentdhsi@gn of the charge of the produced
particles. A measurement of the trajectories of tharged particles then results in the
determination of their position and momentum vet@ihe ionization energy loss in the tracking
detector elements is small. Therefore, this deteatevice is not “destructive” of the properties
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of the patrticle. In turn, that means we can malkessguent redundant measurements of, say, the
particle energy as it escapes from the productestex.

FORWARD MUCNCHAMBERS TPRACKER CRYSTAL ECAL
CALORMETER 7Y

I § Zemma
g Ty
By

Total welg ht : 2
Ovenalldlameter: 15.00m

Overalllength : 21.60m

Magneticfleld  : 4 Tesha CME-FARA-DD1-11/07/97 JLELFP

Figure 2.1: A general purpose detector used iropret(anti)proton collider experiments. The submys used are:
a tracking system, a hermetic calorimeter systenciwiis subdivided into an electromagnetic (ECAL)daa

hadronic (HCAL) section, a large solenoid magnéittooprovide a large volume filled with magnetielfl, and the
iron needed to supply the magnetic flux returntf@ magnet. The flux return is itself instrumentédth chambers
to measure the trajectories of the muons [refCIMS, with permission].

Working our way out from the interaction point atieasing distances we exit the tracker
and next encounter electromagnetic calorimetryofedld by hadronic calorimetry. The purpose
of the calorimetric detectors is to measure theggnef both the charged and neutral particles,
which are incident upon it. These detector systertend down to angles of about 0.8 degree to
the incident beam directions. They are the two nlamgitudinally, or depth segmented,
“compartments” of the calorimetry.

The electromagnetic calorimeter initiates the gt@on of photons and electrons. Recall
that these fundamental particles have only elecmmatic and weak interactions. The hadronic
calorimeter elements initiate the interactions bftlae strongly interacting particles, such as
guarks and gluons, or, more accurately, their “geépaoducts. By totally absorbing the energy
of the incident particles and by sampling that atbsd energy, the calorimetry makes a
measurement of the energy of almost all the pradipegticles.
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Finally, the muons, which have only electromagnatid weak interactions, are detected
and identified in tracking chambers embedded inniagnetic return yoke of the magnet. The
muons have the same interactions as electrons (‘avtlered that?”), but they are about 200
times heavier. Therefore, they do not radiateiggmtly at the energies considered here and
only lose energy by ionization. When all other jgéets have been absorbed what remains are the
muons.

Comparing the initial energy transverse to thetgr and (anti) proton beams (ks
approximately zero) and the detected transverseygré all particles in the final state, we can
look for a mismatch. Any missing energy impliesher a mis-measurement, incomplete
detector coverage, or that neutrinos, which intecady weakly, were produced and escaped
detection. We consider only transverse energy ianza because energy can escape undetected
near to the vacuum pipe containing the beams, whieans that the final state total longitudinal
energy is poorly measured.

The accuracy of the measurement of the momentummr, €jergy, E, of single particles is
defined by the resolution of the tracking detectorghe magnetic field or the calorimetric
energy resolution. In both cases the resolutiorepesented by expressions containing two
terms for the fractional error, which are “folded quadrature” (that mearsO b =+/a” +b*).
The resolution for tracking, dP/P, has a term theteases with momentum, while the resolution
for calorimetry, dE/E, has a term, which decreasi#l energy. If the b and d factors can be
ignored, this different behavior of the energy reBon makes calorimetry the detector of choice
at very high energies.

dP/P=cPOd

dE/E=a/JEDOb
The tracking resolution has a term due to thedimitcuracy of the measurements of the
deflection angle of the particle in the magnetaldj c, and a term due to multiple scattering, d.
The calorimetric terms are due to stochastic flattuns in the sampled energy, a, and non-
uniformity of the medium, b. Examples will be giveater in this Chapter in order to set the
numerical scale.

2.1

In Chapter 1 we provided a table (Figure 1.2), Wwidefined all the fundamental particles
of the Standard Model except the Higgs boson. kgogses of detection, we will now separate
them into strongly interacting particles, electrgmetically interacting particles and weakly
interacting particles.
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The strongly interacting particles are gluons (gdl guarks (u, c, t, d, s, b). The particles
with electromagnetic interactions are photons ahdrged leptonsy( e, |, T). The weakly
interacting particles are the EW gauge bosons, WZand the neutrinoss, v, V:. Strictly
speaking the neutrinos are not directly detectéeirTpresence in the final state is inferred from
the existence of “missing” transverse energy, wimgans that the sum of all transverse energy
in the final state is substantially different fra®ro.

This separation, which is made according to thengiest force felt by the SM patrticle, is
the first part of particle identification.

Table 2.1
Fundamental elementary particles in the Standarddl/dheir detection
in particular detector subsystems and a signatloeing for particle identification
in those subsystems.

PARTICLE SIGNATURE DETECTOR
uct - WL Jet of Hadrons Calorimeter
d,s, b
(4.)
g
e, y Electromagnetic Calorimeter
Shower, (X,) (ECAL)
V,V,,V “Missing” Calorimeter
YV Vr
Transverse
Energy
U, T - ,UVT/ Only lonization Muon Absorber
7 Interactions,
R
HH dE/dx
cbl Decay with Silicon Tracking
cr 2100um

Basically, the calorimetry does a large part of énergy measurement of all the particles
as seen in Table 2.1. The electromagnetic compattofehe calorimetry gives us electron and
photon energies and positions (specified by indeéeetly recorded polar and azimuthal angular
“pixels”), while the hadronic compartment givesthg position and energy of the quarks and
gluons. The particle identification allowing us $eparate hadrons and electrons is achieved
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because of the large difference in mean free patlelectromagnetic interaction, the radiation
length X, and that for hadronic interactiod,. For lead, the ratio is about 1:30.

Any missing transverse energy, defined to be thesirerse energy difference between the
initial and final state, is inferred from the cafoetric energy measurements. Its’ existence
indicates the emission of neutrinos or other ndaracting particles in the collision.

The muons are uniquely identified as those chapgeticles, which have only ionization
interactions and thus penetrate deeply into thel ségurn yoke. The detectors in the yoke serve
the purpose of doing muon particle identification.

The last row in Table 2.1 requires further explanmatSilicon detectors can now easily be
constructed with a separation between detectiomexiés, or “pitch”, of about 5Qum.
Therefore, particles which are produced at the amymnteraction vertex and subsequently
weakly decay at a secondary vertex point can bectiet and identified if the distance between
the primary and the secondary vertices exceedstal®dO@um. SM particles of this type
include the ¢ quark, the b quark, and the tau tepto

Let us estimate the decay width of a ¢ quark tosaguark in the specific reaction,
c - s+ € +v,. This is a decay within a generation, so we exfiettthe mixing matrix element
is ~ 1. The decay can be visualized as first thesgon of a virtual W, Q> g + W, which then
virtually decays into a | . The two distinct vertices mean that the Feynmiaapléude is
proportional to the weak fine structure constartjlevthe decay width is proportional to the
square. The virtual W propagator leadslid,, behavior. Thus, by dimensional argument we
expect scaling as the fifth power of the parentsndsis argument is only used to give us a
rough order of magnitude for the decay width.

r~ai(m/M,)*'m
[ ~2x10"°GeV
Taking the charm quark’s mass to be equal to 1.9 ()5¢g. 1.1), we can very roughly

2.2

estimate the charmed quark lifetimgand decay width. The proper decay distance,, ¢s
estimated to be ~ 1j0m.

T=hlT
cr~1um
Therefore, we now understand why only the charnriquae b quark, and the tau lepton
appear in the last row of Table 2.1. The heavylkgiand leptons can be identified by resolvable
decay vertices made available in a tracking volextending over distances ~ 1m. The decays

2.3
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shown in Table 2.1 for the top quark, the W and Zhkappen very rapidly with unresolved
production and decay vertices.

The lighter unstable quarks and leptons (e.g. skguanuons) can be considered to be
guasi-stable in that they have typical decay d#anwhich are larger then the detectors
themselves. For example, the muon is unstable dmia2.qusec (660 m) lifetime, so that it is
very unlikely to decay before it exits the “genéuetector shown in Fig. 2.1. Therefore, we
have SM particles that decay almost immediatelst trecay within the tracker, and that decay
outside the detector.

Particle identification at a more incisive levehaaften be accomplished by combining the
information available from different subsystemsaofieneral purpose detector. The principal is
illustrated in Table 2.2. For example electrons phdtons both give energy deposits localized in
the electromagnetic calorimeter. However, the afdrglectron has an associated track in the
tracking subsystems while the neutral photon dagsianize and leaves no track. Combining
tracking and calorimetry therefore allows us totidguish between electrons and photons.
Muons, quark and gluon jets, and neutrinos all hanigue signatures in a general purpose
detector as seen in Table 2.2. Heavy quarks antbriep b, ¢ andt have, in addition,
distinguishable secondary decay vertices.

Table 2.2

Particle identification in a general purpose detect

Particle | Tracking | ECAL HCAL Muon
type

' <

—
Jet _t | —
\K

Et
miss

Combining the information from the detector subsyst is not only useful in particle
identification but also in forming “triggers”. Trgring, or pre-selecting events of interest prior
to storing them on some permanent medium such gsetia tape, is of primary importance in
data taking at proton - (anti) proton colliderseNolume of data generated by a contemporary
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detector is enormous. There are millions of indépaih electronic channels recording data about
an interaction and there are a billion interactipas second. Clearly, only a miniscule fraction
of this information can be stored permanently. fdgst must be discarded for all time. Given that
perhaps only 100 interactions per second can lbedstor later study, we must quickly pick out
one interaction in every 10 million. Therefore weshbe extremely careful and very sure that
we choose the desired needle in the enormous lchy&iaen so the remaining volume of saved
data is very large.

2.2 Tracking and “b Tags”

We now look in a bit more detail at the main detectubsystems. The tracking detectors
may consist conceptually of a series of concemtylmders for a typical collider detector. This
geometry is often chosen with solenoid magnet dbidg create axial magnetic fields, because
then the particle trajectories are circles in tlzmathal or (r) plane. At the very high
luminosities which will be required to search ftwetHiggs particle, detectors with the best
possible rate capability will be needed. An exampiesuch a detector, consisting of silicon
pixels followed by silicon strips, is shown in Frgu2.2. As we can see from the figure, the
detectors are in fact built up by approximatingyincler using small planar detectors oriented
appropriately.

Figure 2.2: A photo of the mechanical prototypeaotracking system constructed entirely of plaricom
detectors. Concentric cylinders of detecting elet:mare built up out of identical rectangular sulassemblies
[CMS photo, with permission].

A major issue for the tracking detector subsystemhe efficient detection of the ionization
energy left by charged particles, with a good digoanoise ratio so that spurious signals due to
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noise pulses are rejected. Spatial accuracy iablyj of the highest importance. Also important
is the relative alignment of all of the planar edsts making up the complete detector. A
sufficient number of measurements of the positibthe trajectory of the particle at different
radii is needed to “pattern recognize” the heligath taken by a particle in the magnetic field
and then “reconstruct” the track in space. The ltesfuthe tracker measurements is ideally a
fully efficient determination of the vector posiiaand momentum of all the charged particles
emitted in the interaction but with no spuriousks“found”.

For each track we are measuring the bend anglewhich is the angle the momentum
vector is rotated by, or “bent”, in the magneteldi. The sense of the rotation tells us the sign of
the charge of the particle. This angle is inverggitgportional to the particle momentum,
a ~1/P. Thus, the fractional momentum error has a term wuangular errora which is
proportional to the momentum (see Eq.2.1).

da~dP/ P 2.4
dP/ P~ (da) P= cF
The additional term, which is folded in quadraturd=q.2.1, is due to multiple scattering,
which is only important at low momentum. Since we mostly interested in high transverse
momentum physics, this term will be ignored fromvran.

The bend angle increases with increasing magnietdt, &t ~ B, and the error on the bend
angle decreases with improved spatial resolutidmerdfore, there are basically two distinct
strategies that can be employed to improve the mume measurement made by a tracking
detector. Increase the field or improve the spatisblution. At the present time a 4 T field and a
spatial resolution of a fewm, as afforded by silicon detectors, is at the ietdgical limit.
These precision tracking detectors operated in figlds have good momentum resolution.
Typically a 100 GeV patrticle will have its momentuneasured at the one percent level.

Another important task performed by a tracking gstem is the identification and
measurement of secondary vertices. As we saw ipt€ha, the Higgs is constructed to couple
to mass. Therefore, detection of heavy quark aptbtedecays is an important ingredient in
Higgs searches. These heavy objects are unstablelecay weakly into lighter quarks and
leptons respectively.

The lifetime in the particle rest frame, in distanmits, of the charm quark, the b quark,
and the tau lepton is;
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cr ~(124-320um cquarks
~(468-495m bquarks 2.5
~871m T leptons
The quoted range of lifetimes for ¢ and b quarks teado with the fact that the decays of

qguark — antiquark bound states with large bindingrgy corrections due to the strong force are,
in fact, what are measured and not the “bare” hegsayk decays. Recall that an isolated colored
guark cannot exist, so that it is the colorlessnobstates of quarks, which are measured. The
lifetime spread decreases for the b quark singe + three times heavier than the ¢ quark and
higher mass means weaker strong interaction carrect

We saw in Chapter 1 that the weak interaction \eapansible for the decay of the second
and third generation quarks and leptons. The deadty for typical decay modes as a function
of the available center of mass (C.M.) energy iggiin Figure 2.3 as is the spin correlation
induced by the V-A nature of the weak interactiseg( Chapter 4, 5). The thick arrow indicates
spin direction here while the thin arrow shows thementum direction. We simply assert that
particles have negative helicity, or spin anti-flatao momentum, while anti-particles have
positive helicity. The “generic” decay is of a hgayuark Q to a light quark g, lepton and anti-
neutrino,Q - q+/( +V,.

Entries to Fig.2.2 include the transitions betwaprand down quarks in free neutron beta
decay and in charged pion decay. Other entriethargansitions between strange and up quarks,
charm and strange quarks, and bottom and charnkgjuafhere relevant, the legend in Figure
2.2 shows the approximate square of the mixingimatement for the particular quark decay,
V;,, in terms of powers of the Cabibbo an@lgsee Chapter 6). The line given in the figure
represents the fact that the decay width is clogedportional to the fifth power of the available
energy over about fifteen orders of magnitude endbcay width.
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Weak Decay Width of Leptons and Quarks, Divided by CR?
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Figure 2.2: a. The weak interaction decay widttadanction of the available center of mass energie up and
down quarks, the strange quark, the charm quatkftenb quark follow a single curve (the fifth poved m), as do
the muon and the tau leptons. The strange and ik geaay widths are adjusted by the square of ttekgmixing
matrix elements (see Chapter 6). b. Helicity stmesof Q(—1/3) — q(2/3)+ (" +V, decays induced by the
V-A weak interactions that make particles left heshdnegative helicity) and anti-particles right ded (positive
helicity). The direction of the momentum is indiedtby the arrow, the spin direction by the thicloar

In the rest frame of an unstable particle, wheeeptoper time is labeled d5, there is a
characteristic lifetimea, as seen in Eq.2.6. The time observed by thedatmy clocks is t, and
N(t) is the number of particles that survive atditn

N(t)=N(0)e™"'"

t=p'=R/v 2.6

N(t)~e—t/yr ~ g R/ Per

We use the relationships found in special relatithiat the energy E and the rest mass m

are related byE = ym, wherey =1/4/1- . The momentum P and energy E are related to the
velocity, v, with respect to cf =v/c=P/E.(see Appendix C). The total distance traveled
before decay is R, so that R = vt. In the detefttone, the measured time t is dilated. Therefore,
in the detection of heavy quarks and leptons witamdecay distances of, <ct>czy, since
y >1 silicon detectors with a strip pitch of ~ gfh or smaller are sufficient.

43



In Figure 2.4 we see an example from the CDF detecperating at the Fermilab
accelerator complex. Note the ability of a trackohgector using silicon to resolve secondary
vertices. At a distance scale of 1 mm or 1084 the separation between the primary production
vertex and the secondary decay vertices of theyhgaarks is very evident.

The identification of heavy quarks in the finaltstégs very important in many studies of
collider physics processes. For example, top qudeksy almost exclusively into b + W. If we
can identify a b quark using secondary vertex ifieation, (this is called “b tagging”) then we
have taken a big step toward identifying the topriu
& \5 cﬁltimaters —_

_““H\\ .~ Tevatron
beam pipe

——=3W¥X tags
e
»
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Figure 2.4: An axial view of a multi- jet eventtile CDF detector. At a scale of 1 mm, the veftem which the
particles are emanating is resolved into a primarnyex and two secondary decay vertices [CDF - péthmission].

2.3 EM Calorimetry - e ang/

The next detection subsystem which a particle emeons in exiting from the production
point is the electromagnetic calorimeter. The tvasic characteristic radiative processes, which
create an electromagnetic “shower”, are Bremssirghtadiation by the electrons and electron-
positron pair production by the photons. Therea isharacteristic length scale for radiative
processes in the material of the calorimeter caledradiation length, X For example, Xis
0.56 cm in lead. Since an electromagnetic showénmitimted and runs its course in about 20
radiation lengths, or 11.2 cm in lead, an electrgmesic calorimeter can be quite compact.

There is a characteristic energy, which defines tdrenination of the electromagnetic
shower multiplication processes. This is the aitienergy, which is the energy below which
radiative processes largely cease and particléseirshower lose energy only by ionization or
other non-radiative processes. At this depth in shewer, called “shower maximum”, the
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number of particles in the shower is a maximumahbave approximately the same energy, the
critical energy. Given the absence of further péetproduction, the particles in the shower then
lose energy and eventually come to rest.

For typical materials used in electromagnetic caleters, the critical energy,cEis
approximately 2.5 MeV. Assuming that all particlasthe shower share the energy equally, a
one GeV electron incident on the calorimeter besyratethe shower maximum, a shower of 400
particles, N ~ E/E The stochastic fluctuation on the number of pbasi in the shower, N, then
leads to an estimate for the fractional energyrefe- 5 %, @E/E ~1/+/N ).

A picture of a shower developing in sequential Igdates is shown in Figure 2.5. The
shower begins in the first two plates, reaches xiitmam and then begins to die off.

Figure 2.5: A photograph of the development of leeteomagnetic shower in Pb plates. The numbgadicles in
the shower builds up geometrically. After reachinghaximum the shower then slowly dies off dueottization
loss [ref.2 — with permission].

There is a characteristic transverse size of a shoalso roughly X This means that
photons and electrons can be well-localized tranisgvéo the incident point of impact on the
calorimeter by the calorimetric measurement. Thhe, calorimetric techniqgue measures both
energy and position, although the position measantms crude compared to tracking data.
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There are several types of calorimetric signal oeadn Figure 2.5 we saw the “sampling”
type of calorimeter where the shower develops isspa heavy element plates and is then
sampled in gaseous or other low atomic weight edetector layers. Another type of readout is
shown in Figure 2.6. In this case the entire males fully active. Typically transparent
scintillating crystals are used which incorporagavy elements. The light which is produced is
then read-out by a photon transducer of some Isoprinciple, this is the most precise method of
calorimetric energy measurement because there aieactive materials with their attendant
fluctuating unsampled energy deposits.

2 [Crystal 2070 0)
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Figure 2.6: a. A photograph of a fully active catstlectromagnetic detector. The emitted lightrfrinese crystals
is detected in semiconductor elements, b., andertew to an electrical signal, which is then reedcd This device
is extremely accurate in its measurement of enerdyzMS photo - with permission].

As seen in Figure 2.6, at an energy of 280 Ge\aetifrnal energy measurement of 0.4% is
possible. Thus, electromagnetic calorimetry carehahigh precision, comparable even to that
afforded by the tracking at energies above aboOtGéV.

In Equation 2.1 we defined the two parameters gaimg a calorimetric energy
measurement. There was a “stochastic term” whicluésto statistical fluctuations in the shower
and a “constant term”, due to inhomogeneties iratet construction, which both contribute to
the fractional energy error. For electromagnetiori@etry, a stochastic coefficient of 2 percent,

if the energy is expressed in GeV, and a constamh tof 0.25 percent are at the present
technological limit.
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As we will discuss below, calorimeters are normattlgmented in both polar and azimuthal
angle. Each segment functions independently amdaid-out as a distinct piece of information
characterizing the interaction of interest. Thealale used for equal spatial segmentation is not
the polar angle but a quantity called the pseudditgp . As we will see later, (Chapter 3,
Appendix C), this variable, for light particles, jisst single particle longitudinal phase space.
Therefore, in the absence of some overall dynamies,expect particles to be uniformly
distributed in pseudorapidity. Since spin and poédion effects are known to be small in proton
— (anti)proton collisions, we also expect partictesbe produced uniformly in azimuth. The
calorimeter segments are typically constructed rafependent elements, or “pixels”, with
roughly constant area im ) space, wher® is the polar angle of the particle in sphericdbpo
coordinates with the beam direction along the z.axi

n =-In[tan(@/2)] 2.7

In Figure 2.7 we show the display of an event oigdiin the CDF detector containing a
single produced W gauge boson, which decays in&eatron and neutrino. The horizontal axes
of the plot are azimuthal angle and pseudorapaliy the vertical axis is transverse energy. The
“pixels” correspond to independently read out etedt channels each giving an independent
energy measurement. The W gauge bosons can detayquark-antiquark pairs, e.g.
W* - u+d, c+s, orinto lepton pairs,’e+ ve, U + vy, T + vy For these 2 body decays; E
Mw/2 ~ 40 GeV for symmetric decays as is observddgrR.7.

B,z 410GV E- = 32 GV w

Figure 2.7: Schematic display of two events whesingle W boson is produced and decays into atrefeand a
neutrino. The “pixels” or calorimetric segments the plane are defined to be the azimuthal angt the
pseudorapidity. The vertical axis is the transs@sergy [CDF - with permission].

Approximately all the energy is deposited in a Engegment, or “pixel”, of the
electromagnetic calorimeter. This fact, and thestexice of an associated track give us electron
particle identification. Note also that the existerof a neutrino in the final state is inferred by
the failure to balance transverse energy.

Electromagnetic calorimeters may be calibrated nergy by exposing them to well-
prepared particle beams and recording the enenggsite They may also be calibrated “in situ”.
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In Figure 2.8 we show the calibration of an elemiagnetic calorimeter using the two-photon
decay of the neutral pion. The data comes fromDBeexperiment, which operates at the
Fermilab Tevatron collider facility, along with ti@&DF experiment. In Figure 2.9 we show the
CDF calibration using the tracker for the chargemhpand calorimetry for the neutral pion in
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Figure 2.8: Distribution of the invariant mass @fot photons in data taken with the DO calorimet®&tote the
resonant peak at the mass of the neutral pion,0ii4 GeV, and the experimental width. The smootivearises
when uncorrelated photons from different eventsuaea [ref 3, DO- with permission].
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Figure 2.9: Distribution of the invariant mass wbtpions in data taken with the CDF calorimeterté\the resonant
peak at the mass of tipemeson, M = 0.769 GeV. [ ref.4, CDF — with permoss]
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2.4 Hadron Calorimetry - Jets of g and g and neutrino (missing) E

The outer longitudinal compartment of the calorimén a general purpose detector serves
to detect and measure “hadrons”, or strongly icterg particles. We must be careful in
discussing the strong interaction and to definehiddrons, because we have been imprecise so
far. We have thus far defined the strong forceddHhe long range (massless gluons) interaction
between colored quarks mediated by colored glublmsvever, colored objects appear to be
absolutely confined, e.g. no free quarks are fowadthat isolated quarks and gluons do not
exist, only the colorless combinations of quarki-gotark or three quark bound states.

There are residual forces between these “hadratéstwhich are responsible for binding
protons (uud bound state) and neutrons (ddu botatd) dogether in the nucleus. That force is
observed to be strong (it overcomes the Coulomhblsgm of the protons in the nucleus) and
short ranged. An analogous situation exists in atgrhysics. The long range electromagnetic
force exists between electrons and protons caussngral atoms to be formed. A residual Van
der Waals force between these uncharged atomsoi$ singed ( ~ 1% and results in the
formation of molecules, bound states of neutrahmatoTypically, we will concentrate on the
guark and gluon interactions, as the complex hadmntsractions are really “quark molecular
chemistry” and we aim to study the fundamental raxtBons. However, in discussing
calorimetry we need to refer to the hadrons thevesel

A typical hadronic interaction is shown in Figurel@ Note the limited transverse
momentum, or small emission angle, of the secongarticles. Note also the high number of
secondary particles produced in a single interactithe large final state multiplicity is in
contrast to electromagnetic processes where therendy two particles per incident particle.
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Figure 2.10: Photograph of a 200 GeV pion intececti[ref.5 —with permission].

There is a characteristic transverse momentum etastic hadronic collisions, which is
about 0.4 GeV. Crudely speaking, the secondaryicpestthat are produced are all pions and
pions with charge plus, minus and zero are all igpaoduced. Pions are the lightest hadrons,
quark — antiquark bound states’(= ud, 77° = uu, dd,77~ = du). The neutral pions decay rapidly
into two photons, which are then detected as showea fashion similar to that discussed above
in the section on electromagnetic calorimetry. Tharged pions decay weakly, with decay
distances much larger than the detectors we deslkeie, so we consider them to be stable.

However, the pions do continue to interact. Thera icharacteristic length over which a
hadronic interaction occurs, the interaction lengthwhich is the mean free path of the pion to
suffer a strong interaction. In iron this lengtlalscis 16.8 cm. In order to completely absorb, and
hence measure, the energy a total path length lefaat 10 interaction lengths is needed, or a
calorimetric “depth” of ~ 1.7 m. In Figure 2.11 shown the absorber structure for a typical
hadronic calorimeter. The structures are cleartyasacompact as electromagnetic calorimeters.
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Figure 2.11: Photograph of the absorber of the Gid&onic calorimeter (HCAL). Note the slots infassed in
the brass absorber structure for the insertionrcti¥@ detection (sampling) elements. Note also tie total depth
of the absorber is about 1 m [Fermilab - with pesiadn].

In analogy to the critical energy in electromagsmeti there is a threshold enerdy,,,
below which new particles cannot be produced. Tthee$hold” energy for a pion to produce
another pion by way of the reaction+ p -~ n+7n+ p is E;, ~ 2m_~ 0.28 GeV. This energy is
much larger than the electromagnetic critical epergherefore, the number of particles
produced in an hadronic shower at “shower maximush* E/E+, will always be smaller than
the number produced in an electromagnetic showeceShe energy resolution of a calorimeter
is at least partially defined by the stochastictihation in the number of particles in the shower,
we also expect that the ultimate energy resolutortadronic calorimetry will not be as precise
as that for electromagnetic calorimetry.

dE/E~ dN/ N~1// N~/ E, / E 2.8

For example, using EQ.2.8 to estimate the “stoahasiefficient” in Eq.2.1, we find a ~
53% when E is given in GeV units. That value iseagected, much larger than the coefficient
guoted for electromagnetic calorimetry.

Sometimes the hadronic compartment is itself lamtyitally segmented. In Figure 2.12 we
show the energy deposit in an initial seven absmrgength compartment vs. the energy deposit
in the subsequent four absorption lengths. In soases substantial energy is deposited in the
rear compartment. This implies that, were the daleter truncated so as not to include the back
compartment, the energy resolution would be selyouegraded by fluctuations in the
longitudinal shower development and subsequentudiions in the energy loss due to leakage
out the back of the calorimeter.
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Figure 2.12: Scatter plot of the energy depositedhie first seven absorption lengths of the CMSrdwid
calorimeter (x axis) vs. the deposited energy arbxt four absorption lengths (y axis). The lindicates a total
300 GeV deposited in summing both compartments.

There is an intrinsic limit to the depth. It makes sense to construct a device, which is
very thick because an emitted gluon can virtuatlgcay”, or split into a heavy quark, Q, pair
with a probability ~a,/m. Subsequent decays of the typ®,- g+ € +V, occur with a
branching ratio ~ 10%. Therefore, a gluon jet Wlidak” ~ 1/6 of its energy due to escaping
neutrinos roughly ~ 0.3 % of the time.

The calorimeter shown in the photo of Figure 2.41of the sampling variety. Active
detection elements are inserted in the slots tleainderspersed in the absorber. An example of a
possible active element is shown in Figure 2.13his case optically independent “scintillating”
tiles are read-out by “wavelength shifting” optidébers. This type of layout allows us to
produce a hadronic calorimeter that has active kmmmwvering almost all the solid angle. An
“hermetic” construction is needed if the missinger®y is to be accurately measured. Clearly,
“dead” regions in the calorimetry are to be avoidette particles lost in them would mimic the
emission of undetected neutrinos.
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Figure 2.13: Photograph of a calorimeter scintiidtile” showing the “tile” and its “wavelength #ting” fiber.
The optical signal is converted from blue lightle “tile” to green light in the fiber and then tayed and taken out
through the small fiber [Fermilab - with permisgion

All calorimeter detection elements must be manufact to achieve a good uniformity.
Otherwise, variations of the shower locations impteor in different “pixels” will lead to
variations in the reported energy for a monoenérgetcident particle. For example, in a
hadronic calorimeter a variation in light outputtbé tiles shown in Fig. 2.13 with a standard
deviation of 10% leads to a fractional energy e(toe factor b in Eq.2.1) of about 3%. Similar,
but much more exacting, uniformity is needed foe thigh precision electromagnetic
calorimetry.

Calorimeters are often calibrated using prepareamiseat accelerators with well-defined
momentum. In addition, we can use cosmic ray msamse they deposit a well-defined energy
(minimum ionizing particle) in each tile. As we ntemed above, a muon traversing the
sampling layers of a calorimeter will deposit ordgization energy. In Figure 2.14 we show the
output signal due to passage of a muon. This perlell resolved from the “pedestal” peak that
corresponds to zero energy deposit, broadened Ise no the electronics readout. Clearly,
calorimetry can also be used in muon “particle idieation”.
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Figure 2.14: Distribution of the deposited energyai calorimeter tile. Note the “ pedestal “ duez&o energy
deposit and the ionization peak due to the passbgenuon [ref 5, CMS — with permission].

What about the required extent of angular coveraye’now that we want to detect all
particles that are emitted in an event, so as fer ithe vector momentum of an emitted, and
undetected, neutrino. However, technically we canachieve total coverage due to the
necessary existence of vacuum pipes containingrtbten — (anti) proton beams or the obstacles
due to the magnetic focusing elements of the axatele for example. How small an angle do we
need to cover? In Figure 2.15 is shown the pseyidity distribution of particles that we wish
to detect after they emit a virtual W or Z gaugesdig for example, by way of a “radiative”
process, where a d quark bound into the initidegpaoton radiates a Vend turns into a u quark,

d - u+W™. These processes are very important in Higgs Besyso that calorimetry should
extend tor}| ~ 5, or to a polar angle of about 0.8 degreethieak HC experiments.
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Figure 2.15:a) Distribution in pseudorapidity ofthecoil or “tag” jets produced in the WW fusiornopess b)
Feynman diagram for the WW fusion procéss d — d+ u+ H

Previously, Fig.2.7, we saw the electron signahimevent where a produced W boson
decayed into an electron and a neutrino. The cadédry information was shown as the
transverse energy deposited in independgg) (‘pixels”. What sort of angular size is needed?
In Figure 2.16 we see a choice with pixel widithg ~Ag@ ~ 0.087 ( is dimensionless and the
units for @ are radians so that there are five degree pixel§,2 segments in azimuth). This
choice of segments implies that we can resolveggdiof 1 TeV mass decaying into ZZ that in
turn decay into 4 quarks.

A 1 TeV Higgs decays at rest into a ZZ pair, eaéth @ momentum ~ 500 GeV. The
subsequent decay of a Z into quark pairs, for reasgjuarks, has a total transverse momentum
between the quark and anti-quark equal to the Zmas~ 91 GeV for symmetric decays. The
decay opening angle between the quarks is ~ 0ianadThese quarks then go into separate
calorimetric segments of full width 0.087 and canrésolved as two distinct objects. Since there
are theoretical upper limits on the Higgs massooighly 1 TeV, this choice of pixel size for
HCAL is acceptable.
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Figure 2.16: Schematic layout of the CMS calorimefEhe segments or “pixels” are separated by atem step in
pseudorapidity and in azimuthal angle. The pseymdity of the pixel boundary is also given [CMS -Atlwv
permission].

We have so far discussed hadrons and evaded tlstiaquef how we detect quarks and
gluons. These latter objects have color, and dsltrought to be completely confined. We assert
that the color force is weak at small distancessirehg at large distances (see Appendix D). As
a result colored objects cannot be separated beyaoligtance set by a QCD parameter which has
a characteristic length ~ 1 fm ~/4.,. Therefore, the quark or gluon must shed the cojor
becoming an ensemble of colorless hadrons, for pbanuark — antiquark pions in colorless
combinations likeRR GG BE.

Suffice it to say that “hadronization”, as illuged in Fig. 2.17, occurs when the mass scale
of a process is such that QCD is strong/A\g., ~ 02GeV. The complete reaction can be
factorized into different energy regimes correspogdo different distance scales. At very high
mass scales the elementary process occurs whicheg@erturbatively calculated because the
color interaction is weak. At moderate masses,ramsverse momentum scales A,
perturbative QCD can still be used, and the colagedrks and gluons radiate in a QCD
“shower”.

When the strong interactions become strong, theleeer! objects become “bleached” and
evolve into an ensemble, or “jet” of colorless lady. The quark or gluon “jet” is expected to
look something like Figure 2.10. The “jet” of hadsothat emerges has the approximate
direction and momentum of the parent quark or gluon.
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Figure 2.17: Schematic representation of the emlutf quarks produced in the final state of aeiattion. In the
high energy regime the quarks are almost free gbestiand the process is calculable. In the intdiate energy
range we can again use perturbative QCD. At arggnange where the scale factor for QCD is thécglenergy,
0.2 GeV, hadronization and strong decays of hadeeanances occurs, which must be treated phenoaggoaly

because the coupling is strong [ref. 7 - with psegiain].

Unstable particles like the W, Z and top quarkhaVe decay widths ~ 1 GeV. Therefore
they decay in a distance 0.2 fm, before they “haided at a distance scale of ~ 1 fm. This is
why there is no “toponium” — the QCD bound stateabp and anti-top quark. It decays before
the bound state can forrh,~ b+W".

The scattering of the quarks that we, for now, $yrgssume to exist inside the proton
leads to a "jet" of particles traveling in the diien of, and taking the momentum of, the parent
quark. We assume that the proton and (anti)protortain quarks and gluons, which have a
limited transverse momentum’\z,. A “dijet”, or two jet, event is shown in Fig. B1There is
energy in both the electromagnetic (lower — lighading) and hadronic (higher — darker
shading) compartments now, as opposed to the dasensin Fig. 2.7, when the electron
deposited all its energy in the electromagnetic gamment. Note also that the “jets” are spread
over several pixels. The two jets are, howevegsoaably well collimated and are
approximately “back-to-back” in azimuthal anglg,- @ ~ 77.
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Figure 2.18: a) Schematic representation of a av@yent at CDF. The vertical axis is the transvensergy in the
calorimeters. The horizontal plane consists of ‘thi@els” in azimuthal angle and pseudorapidity tbdcking
detector data for the dijet event [CDF - with pession].

The tracking detector azimuthal-radial plot fortteaent is also shown in Fig. 2.18. Recall
that large momentum corresponds to small "bendleamgthe magnetic field. Clearly the jet has
an internal particle structure. There is a “corefanly high momentum particles near to the axis
of the jet, with lower momentum particles assodatéth the jet but emitted at larger angles to
the jet axis. The magnetic field also has the efdécsweeping” the lower momentum patrticles
away from the jet axis, as can be seen in Fig.l2.18

A polar angle projection of a DO “dijet” event isasvn in Fig 2.19. Again the jets are fairly
well collimated in solid angle, deposit energy wthb compartments of the calorimeter, and are
roughly back-to-back in polar angle.
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Figure 2.19: Schematic representation of a tweyent at DO. The shading represents the scaleavfg deposited
in the calorimeters. The first compartment is thectomagnetic calorimeter followed by two hadronic
compartments. This is a projection in polar afigté8 - DO - with permission].

The description of “hadronization” has recourseexperimental data on the momentum
distribution of hadrons found in jets (e.g. Figl&®. Representative data are shown in Fig.2.20.
We simply define a distribution of the hadronicaiments” of the quark or gluon in z, D(z),
where z is defined to be the fractional jet momentaken off by the hadronic fragment, z =
PhadrodPiet. The distribution D(z) is roughly of the formD(z) = (1- 2)°.
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Figure 2.20: Distribution D(z) of the fractional exgy of a hadronic jet fragment. Note the steepoffalvith
increasing z [ref.9 - with permission].

The efficiency to “tag” a jet as having originatéedm a heavy flavor parent (b quark)
depends on the momentum of the jet. Higher enextgyljave longer decay lengths (relativistic
time dilation). However, the existence of many fmemts means that the ability to find the
secondary vertices is not perfect. Therefore, ifwigh to suppress the large background of light
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(u, d) quark or gluon jets to an acceptable letted, efficiency to tag the b jet is reduced.
Multiple scattering error also makes the rejectisore difficult for a low jet momentum. Monte

Carlo predictions from the CDF experiment at thentikab Tevatron are shown in Fig. 2.21.
Note the rise of the efficiency with transverse neotum to a level of ~ 50% for jet transverse
momentum > 50 GeV.

Detection and measurement of jets is by way ofroakdtric determination of the energy of a
localized ensemble of hadrons. We need to know &surately we can detect and measure the
jets given that we know the single particle resolubf a calorimeter. We assume we know the
numerical value of the constants a and b in Eq&irigle particle data are available by utilizing
test beams supplied at accelerators, for example.
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Figure 2.21: Efficiency for tagging a heavy flayjet as a function of the transverse momentum ofj¢iheThe
efficiency for false tagging of light quark or glugets is small under these conditions at all mamé¢mf. 10 -with
permission].

dE? = dE? + dE? +dE? + 2.9
~aE +aE,+aE,+ =aE
The ensemble energy is the sum of the single paeicergiesE =E +E, + E; +. If the
stochastic term dominates in the error on the nreasent of individual hadrons, we find that the
energy resolution of the ensemble is the sameeasitigle particle resolutioldE/E ~alE.
Therefore, if we have, for hadrons typical valuiks,la ~ 50%/GeV and b = 3%, we expect to
measure the energy of a 100 GeV quark or gluowijetan accuracy of ~ 5%.
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In the very high energy case where only the congtam is important, the ensemble is
measured more accurately than the single parfities serves to justify ignoring the constant
term in EqQ.2.9.

z=E/E

2.10
dE/E=b\Z’ +Z +Z} +

If the energies of the jet fragments are equi-paned, then there are n terms of equal
magnitudez =1/n.

dE/E~ b//n 2.11

For a jet-jet mass, M, measurement, we assumehbaingular error is not the dominant
error. This will be the case for objects whose mioton@ is less than their mass because then the
angle between the jets is large. Note that the twwdy mass s
M?=(R+PR), R+ R)*~2R, B =2(EE- ROP For massless jets “decaying”
approximately at rest the error on dijet mass duéhé energy errors on the two jets can be
calculated assumingosg,, ~-LE, ~E,~E~M [ZFor a 100 GeV mass, a 5% measurement
of the mass is expected.

M? = 2EE,(L- cosb,,) = 4E,E, ~ 4E?
dM /M ~a/~2E ~alM
The reconstructed mass of a W boson decaying waoquark jets is shown in Fig. 2.22.
The resonant W mass is measured with a standaifdtidevof ~ 3 GeV. Thus the fractional
mass error is ~ 3.75 % which is of the expecte@mood magnitude. In addition, precise energy
information on individual hadrons from the trackisighsystem can also be used for the charged
hadrons. This technique will allow us to improve thinematic measurements of the jets beyond
the accuracy available by purely calorimetric mdgo

2.12
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Figure 2.22: Distribution of the dijet mass recomsted from energy measured in a calorimeter. Nueresonant
peak at the W mass and the experimental width nlgpait to the errors in the energy measurememés.11 — with
permission].

The neutrinos are “measured” indirectly by lookiagthe “missing transverse energy”,
assuming that the initial state has zero transversergy. This measurement involves a
“collective” variable, as all the transverse eneigan interaction must be measured in order to
find out how much is missing. There are errors tlughe limited angular coverage of the
detectors, finite energy resolution of the calotieng, and failure of low momentum particles to
even reach the calorimeters if there is a strotensad magnetic field.

In the simplified case of an interaction containiogly two jets with no longitudinal
momentum the jet energies aig,~ E, ~M . /®/e assume that the stochastic term dominates
the energy resolution. The missing transverse gniergenoted by, . The missing transverse
energy due to simple jet energy mis-measuremeheis, ~ E - E,. The error on the missing
energy is:

dE; ~a/M ~ a/y E 2.13

Therefore an event containing a dijet of mass 1680 Gas a total transverse momentum of
~ 5 GeV due to jet energy mis-measurement, if 80% fsee Fig. 2.7). We assert that the
generalization to the case of many jets in thel fatate is as shown in Eq.2.13 where we sum
over the transverse momentum of all particles @nitieraction.
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We now have approximate expressions for the exgaxkrimetric energy error expected
for jet energy, dijet mass, and missing transvareenentum. We will use these estimates in our
discussions of search strategies for the Higgsrboso

An event with a single W boson produced which dsdato an electron and a neutrino is
shown for the DO detector in Fig. 2.23. The elattrenergy goes entirely into the
electromagnetic compartment (in the +y directiomeheThe missing energy measured in the
calorimetry is also shown, (in ~ the —y directiamjlicating the 2-body nature of the W decay.
This is another example of using the energy depdsit all the calorimeter “pixels” to infer the
transverse energy that is missing.

CALTES DID VIEW Z-DEC-1957 10:09[Run 66130 Event 4618[ze-1OY-19%¢ 15:30

oG

Figure 2.23: Schematic azimuthal — radial view @®event with a single W in the final state. Thissing energy
in the event is close to being back-to-back withdleposited electron energy [DO — with permission].

Another event with missing energy in the final st&t shown in Fig. 2.24. In this case a W
and Z boson are produced, where the W decays #vtpvehile the Z decays into arie pair.
Note the back-to-back nature of both the Z and \tage indicating that the W and the Z are
both produced with little transverse energy, arat the missing energy roughly balances the
transverse energy of the electron from the W decay.
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Figure 2.24: Schematic azimuthal — radial view d@& event with a W and Z produced in the final estthe W
decays into an electron ( ~ -y) and a neutrinoy{~while the Z decays into an electron-positrorr jfai+x and — x)
[ref.11 - DO — with permission].

Transverse momentum balance can also be usedrfositti” detector calibration. The
transverse energies are simply assumed to balanewerage, and this assumption is used to
extend the calibration of the mean from a calilitagixel to an uncelebrated one. This procedure
is illustrated in Fig. 2.25.
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Figure 2.25: Distribution of the fractional jet iverse energy difference in dijet events. Nogestharp peak at O
and the steep falloff of the distribution, whichpajrs to be almost a pure Gaussian. The line sussEan fit to the
data. [ref.8 -DO — with permission]

2.5 Muon Systems

The muons exiting from the vertex are charged gagj and thus have their vector position
and momentum measured accurately first in the imgckubsystem. However, muons are rarely
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produced, and our job is to pick out which trackaisnuon in order to trigger on it. Particle
identification is achieved by exploiting the falsat muons (of energy < 300 GeV) do not radiate
appreciably, nor do they have strong interactidierefore, they pass through the calorimetry
depositing only ionization energy (see Fig. 2.18.they pass through the return yoke of the
magnet, all the other particles have been absdolgdtie calorimetry, see Fig. 2.11. Therefore
particles which are observed in the muon systemassemed to be muons, and the issue is to
trigger cleanly on these seldom produced partidiés. most accurate momentum measurement
of the muon comes from the tracking subsystem,eshitedundant momentum crosscheck and
particle identification comes from the muon trackithambers. The two distinct measurements
are illustrated schematically in Fig. 2.26.

C.M.S.
A Compact Solenoidal Detector for L.H.C.

Transverse View

Figure 2.26: Schematic azimuthal-radial layout afom detection in the CMS experiment. The muondiesebent
in the central magnetic field and detected/measimrédlde tracking subsystem. After traversing ta®dmetry and
magnet coil the muon is subsequently bent in tleelsteturn yoke and re - measured in the muon chemnb
embedded in the steel [ref.1, CMS — with permigsion

The main function of the muon system is to perfganticle identification on the muons
and to provide a muon trigger. The trigger is deca#liy simplified because almost the only
particles that survive to enter the muon detectoes muons. Therefore, the first task is to

“pattern recognize” a clean trajectory in the mustectors in an environment which is quite
sparsely populated with particles.
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What is required of the trigger is a reasonablyuest®e measurement of the muon
transverse momentum. A good measurement is neestslide there are many low transverse
momentum muons, which are of little interest. Thegens arise from heavy quark, Q , decays,
Q - g+ u +v,where the Q may arise from a virtual gluon “decay”- QQ . These muons
are copiously produced (Fig. 2.27) and must bectegein the trigger lest they swamp the higher
momentum muons of interest that are due to theydechW and Z bosons and other rarely
produced objects.

The task becomes clear when we explore the sourgauons at proton-(anti)proton
colliders. Muons from the produced b particles duate at low transverse momentum, where the
scale is set by the b quark mass, ~ 5 GeV, as showig. 2.27. At higher momenta, where the
scale is given as % the gauge boson W or Z masshody decay) or ~ 40 - 45 GeV, the main
source of muons is the decay of gauge bosons (gkke R.1). There are no mass scales yet
known above this, so searches for new heavy pestanle made in the tails of the distributions of

2
10 T T T T

UA1

pp—=p + X
/s = 630 GeV

b il L] Data ]
bb, cc, W, Z, DY, Jiy, T

——— W-pv, Z

do/ dp!; (nb/GeVrc) (Inyl <1.5)

0 20 40 60 80 100
p# (GeV/c)

muons from W and Z decay.

Figure 2.27: Distribution of the transverse momentif muons measured in the UA1 collider experinsr€ERN.
The two main sources of muons are the decay ofyhgaarks at low transverse momentum and the defcdy and
Z gauge bosons at high transverse momentum [reflA4,— with permission].

The invariant mass distribution of dimuon eventfrDO is shown in Fig. 2.28. The two
body decayy—-> " 11~ with a ¢y resonant mass of ~ 3.1 GeV is observed. Jhés a narrow

66



bound state of a charm — anti-charm quark pairs Tesonant peak can be used to check the
calibration and alignment of the muon chamberstin s

Number of events / 0.3 GeV/c®
B 8 F B

g

0 1 2 * 3 4 5 6 7 8 '“9
Dimuon invariant mass (GeV/c?)

Figure 2.28: Distribution of the mass of dimuonmgan the DO detector. Note the resonpmeak, which is used
for calibration of the momentum scale of the muatedtors. Note also that the width is set by thdtipie
scattering of the muons in the steel and is not tduthe intrinsic accuracy of the chambers [ref.DB, — with
permission].

The mass resolution shown here is rather poor. ifHecause the momentum used in this
plot was determined solely from the muon chambsmw@uld be required in the crudest trigger,
which is the first of several trigger decisionsn& the chambers are interspersed in an iron
return yoke, the momentum measurement is limitednojtiple scattering (see Eqg.2.1) to a
~15% error. The momentum impulse, or change instrarse momentum, due to the magnetic
field B existing over a distance L is ~ BL. The tiple scattering impulse in traversing that
same region is-+/L where the square root is characteristic of ststahdoehavior. Thus the
ratio, which determines the fractional momentunoheson, scales as-1/B+/L . The magnetic
field is limited by iron saturation to ~ 2 T. Thength of steel is limited by financial and
mechanical considerations to ~ 1 m. Hence, thetdohimomentum resolution for muons
measured in steel. The multiple scattering impids@Fr; ),,s,» while the magnetic field impulse
is (AR ); .

dP/P ~ (AR.),s (AR.), ~ 015 2.14

In order to obtain a better measurement, we woalke o supply tracking chambers in a
volume with magnetic field and without multiple gesing. If this is done after the calorimetry
the tracking is clean because there are almostraalyns that survive. However, it makes for a
large, and hence expensive, detector. If we insteiadd to use the inner tracking system, we
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must extrapolate the track from the muon systerk o the tracking chambers and attempt to
match tracks in vector position and momentum. Tingching procedure is, in turn, limited by
the multiple scattering errors induced by passdgth® muons through the calorimetry that
separates the two tracking systems. Different exymnts have made different choices. There is
no “correct” decision in this matter in any evdptecision mass measurements will always come
from the inner tracking system while particle idécation will come from the muon detection
system.

2.6 Typical Inelastic Events

The vast majority of interactions in a proton —t{jgmmoton collider are uninteresting. They
occur at low mass scales/v,., where the dynamics is strong, and hence diffituitompute.
The secondary particles in such a collision have ttansverse momentun, ~A,,. We are
interested in high mass states, which implies fis&te particles with a large transverse
momentum.

Many of the interesting physics processes that Wedigcuss in the later Chapters have pb
(1 pb = 10%%n) cross sections, while the total inelastic crassien, making “minimum bias”,
or inclusive inelastic events, is ~ 100 mb whicH @ billion times larger. Obviously, we are
looking for rare processes and we need to triggasively, as noted previously.

It also must be remembered that, even though we &avinteresting” process occurring at
large R in an interaction, there are also all the sofgrinants of the remaining quarks and gluons
that hadronize and form the “underlying event”.dad, most of the particles in an “interesting”
event are themselves uninteresting. Furthermbeegétectors we use may not be fast enough to
resolve individual interactions. In that case weeha “pileup” of “minimum bias” events within
the resolving time of the detector. Therefore, wedto understand some of the basic features of
these events as they form an irreducible backgraumebp of which resides the interesting high
Pr fundamental interaction wherein new discoveries li

In Fig. 2.29 we display a plot of the mean transganomentum of all produced charged
particles in “minimum bias” events or typical ingfi@ interactions. This quantity, <P is a
weak function of the total available C.M. energy.1@ TeV, it is perhaps 0.5 GeV.
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Figure 2.29: Mean transverse momentum of prodwbedged particles as a function of the center cdsnemergy
in p - (anti)p collisions. Note the logarithmicpgsdence on center of mass energy [ref.15, CDRh-peirmission].

The scale for the mean transverse momentum is @i2 §gale, which is not unexpected.

<P >~ANgep 2.15
We assert thatr', 77°, 1 are produced in roughly equal numbers and areldmeinant
type of hadrons produced in inelastic collisionsonB are produced ~ uniformly in
pseudorapidity. The density of charged particlasypé of pseudorapidity is shown in Fig. 2.30.
It is a weak function of the C.M. energy. At 10 T&é\é density is expected to be ~ 6 charged
particles per unit of rapidity, or ~ 9 pions pertwf n.
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Figure 2.30: Mean number of produced charged pestiger unit of pseudorapidity as a function ofteeof mass

energy in p — (anti) p collisions. Note the rolggarithmic dependence of particle density on aeotenass energy
[ref.16, CDF — with permission].

Therefore, each “minimum bias” interaction in ae¢dr which operates at the 14 TeV
C.M. energy of the LHC and fully covers angles with< 5, creates 90 = 10 x (6+3) charged
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and neutral pions with a total scalar transversrg@ndeposit of 45 GeV. We assert that the
“underlying event” in a “hard” or high transverseomentum collision also has a similar
transverse momentum deposit for the particles prediun addition to the high transverse
momentum ones.

If we are operating at high interaction rates, sashare expected at the Large Hadron
Collider (LHC) at CERN, there may be 20 "minimumadievents” in a beam-beam bunch
crossing which cannot be temporally resolved. Tikishe minimum “pileup” because two
bunched beam crossings are separated by only 25angewe need to use very fast detectors if
we are to have “only” 20 overlapping events. Thaimum “pileup” is a beam bunch containing
1800 particles with 900 GeV of deposited transvensergy. If we blindly apply Eq.2.13, we
expect ~ 15 GeV of missing transverse energy, ena@e, simply due to the calorimetric energy
error made in measuring all the particles in thedbucrossing.

A jet is typically defined to be an ensemble oftjgégs possessing a large transverse
energy deposited in a small circular region of uadR, in(77,¢) phase space, R < 0.7. A finite
jet size in R is required if we are to record h# fet energy, as seen in Fig. 2.17 and 2.18. Since
there is a substantial “pileup” of transverse eperfglse jets may be detected at low jet
transverse energies ~ 30 GeV, while at highernetgies the extra pileup energy must also be
accounted for and the jet energy corrected.

Triggers and reconstruction algorithms need to labkansverse flow within the jet cone
to select real jets, which have a “core” as opposed uniformly distributed pileup. For
example, a cone of radius R ~ 0.7 contains > 1@6élIpiof the size shown in Fig.2.16. That
granularity is sufficient to resolve the detailseofergy flow within the cone defining the total jet
energy. Jets have a limited momentum transverskeet@arent direction,kand a distribution
D(z) of the momentum of the hadronic fragments witleading” hadronic fragment taking off,
on average, a fraction, sz > ~ 0.2, of the parent jet energy - see Fig.2.20.

The “pileup” transverse energy found on averagang “cone” of radius R ~ 0.7 is 20
events x 0.5 GeV/particle x 9 particles/areai®?j / 2rm~ 22 GeV. We must use the additional
information on the structure of the energy flowhit the jet to reduce the number of false jets
due to pileup

As seen in Fig. 2.31, a cut on the transverse gn#agv within a cone is a good
discriminant between jets with transverse ener@30~GeV and “fake jets”. The signal in Fig
2.31 consists of “tag jets” from the WW fusion peses (Fig. 2.14), while the background is due
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to pileup of <n> = 17.3 minimum bias events, onrage. Clearly, asking for a “leading jet
fragment” with a large fraction of the total jeamisverse energy works fairly well.

sfficiency

blnick — min,?hins <1 ',?.3} pp1r|itar

_qllllillllillllilll
19 ¢ 25 5 7.5 10125 15 17.5 20 22.5 25
cut on max trigger tower Et in HF, GeV

Figure 2.31: Efficiency for the rejection of faketg with respect to the efficiency for finding tggs at high
luminosity in the CMS detector. The cut is on teading pixel transverse energy for events with rrecenergy of

40 GeV [CMS — with permission].
2.7 Complex Event Topologies in DO and CDF

Clearly, several different fundamental particleshef SM can occur in a complicated event.
An example is the CDF event shown in Fig. 2.32. Ol&F detector has three main detector
systems; tracking - Silicon + ionization in a magndield, scintillator sampling calorimetry,
(EM - e,y and HAD - h), and ionization tracking for muon ree@ments.

This event contains four jets as recognized bytitlémg localized energy deposits in the
calorimeter pixels. In addition there is an elegtraecognized as energy deposit in the
electromagnetic compartment of the calorimetryhvetmatching charged track in the tracking
detector. There is also a neutrino, as identifigdhe existence of missing transverse energy in
the calorimetry. In addition, two of the jets haserondary vertices in the tracking subsystem,
which makes them possible b quark candidates.
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Figure 2.32: A complicated event in the CDF detectd@his event contains an electron, four jets, amdsing
energy due to neutrinos. Note also that there ezerslary vertices in the event indicating that sofnihe jets are
the decay products of heavy quarks [CDF — with pesion].

A complex event from DO is shown in Fig. 2.33. Th@ detector has three main detector
systems; ionization tracking, liquid argon calorirgg EM, e, and HAD, jets,), and magnetized
steel + ionization tracking muop, detection/ identification.

This event, shown in a polar view, has jets in lkb#hcompartments of the calorimetry. It
also has a muon candidate (~ +y), which is conftrtog the presence of small ionization energy
in the calorimetry and an associated track. Intewhd there is an electron candidate with energy
deposit only in the electromagnetic compartmenta(snadius) with an associated track (~ -y).
Finally, there is a neutrino candidate in the eyvefierred from the missing transverse energy.
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Figure 2.33: A complicated event in the DO detectdhis event contains jets, a muon, an electrad, rissing
energy [DO — with permission].

The examples given here indicate the complexitythef events that can be studied in
general purpose detectors. We conclude that adesifgned general purpose detector can use
specialized subsystems to identify and measureopbptlectrons, muons, jets of quarks and
gluons, and neutrinos. Heavy quarks and leptonfuaiteer identified by searching in the tracker
for separated secondary vertices. The W and Z gbhagens decay rapidly and are identified as
resonant peaks in the mass of their decay products.

Particle tracking affords very accurate measurementelectrons and muons. Precision
electromagnetic calorimetry provides energy measargs of order 1 % (100 GeV energy) for
photons and electrons. Gluon and quark jets aresuned somewhat more poorly in the hadronic
calorimetry, perhaps at the 5 % level (100 GeV gylerNeutrinos are also “measured” in the
calorimetry, to a similar precision, but the longiinal component of the neutrino momentum is
not well measured due to the necessarily (e.g. uracbeam pipes) incomplete polar angle
coverage of the detectors.
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Exercises

1. How far, on average, will a b quark with lifeenar = 475um and energy 60 GeV travel
before decaying?

2. Evaluate the estimated muon lifetime, E4.@ith muon mass = 0.105 GeV.

3. Use COMPHERP to find the muon lifetime, e2-2l,n2. Check the diagram(s). Are they
what you expected?

4. Use COMPHERP to find all 2 body decays efZh Z->2*x. Evaluate the branching ratios.

5. Suppose a charged particle with 1 GeV momensubeint by 1 radian in traversing 1 m of
tracking detectors. What is the expected momentuar &r a 1 TeV momentum particle
if the angular error iglg ~100urad ?

6. What is the relationship between the differénbiathe pseudorapidity (Eq.2.7) and the
polar angle?

7. For a 100 GeV pion, estimate the total numbeshafwer particles produced (Eq.2.8) and
the implied fractional energy error.

8. Estimate the pseudorapidity (see Fig.2.14)1fleV u quark in the incident 7 TeV proton
emits a W with a transverse momentum of 40 GeV.

9. Estimate the emission angle, with respectegeahaxis, of a z = 0.1 fragment of a 100 GeV
jet if the fragment transverse momentum is ~ 1 GeV.

10. Work out explicitly the result given in Eqg.2t8at the stochastic error on an ensemble of
particles is the same as that for a single particle

11. Work out explicitly the result given in Eq.Q,1hat the constant error for an ensemble of
particles is less than that for a single patrticle.

12. What is the dimuon opening angle for a 10 @edécay ( mass 3.1 GeV)?

13. Use COMPHEP to find the decay width of the.t€ompare to the width quoted in
Chapter 2, e3->n3, 2*x. Evaluate the 6 sub prosessdind branching fraction and total
width.

14. Use COMPHERP to find the total decay widthtfoe heavy quarks and leptons discussed in
this Chapter, e3->3*x, c->3*x, b->3*x. Compare e tdata plotted in this Chapter.

15. Explicitly work out the threshold for piongaluction in pion — proton interactions. The
energy threshold occurs when the reaction usethalenergy to produce mass and none to
give the reaction products kinetic energy. Thus,palticles are at rest in the C.M. at
threshold.

16. Use COMPHEP to look at “tag jets” in d,u->tidPlot the distribution of u rapidity and
compare to the result given in the text.
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3. Collider Physics

“It is of the highest importance in the art of dztien to be able to recognize out of a number of
facts which are incidental and which are vital...l.would call your attention to the curious
incident of the dog in the nighttime. The dog dathing in the nighttime. That was the curious
incident.” - Sir Arthur Conan Doyle

“Science is the refusal to believe on the bastsopie” — C.P. Snow

In the previous two chapters we first defined tinediamental particles of the SM and their
interaction and then discussed how they can beeteand their properties measured. We now
know roughly the quality of the measurements we gake. Finally we have given some
examples of COMPHEP calculations and this toolalable to us.

Now we turn to the question of how particles aredpiced in proton — (anti)proton,
(p—p, p—p) collisions. We will deal only with high transversnomentum, or high mass
interactions. There are several reasons for tihitse first is that the QCD is weak at high mass
scales, and therefore high mass processes canldudated perturbatively. Secondly, the vast
majority of interactions produce particles at lovansverse momentum. Thus, the high
transverse momentum interactions are the rare thia¢stand out above the background. New
phenomena can be expected to have a favorablel smmmise ratio in events with particles
having a high transverse momentum. Third, if wel eétln high mass fundamental interactions,
the strong interactions can be “factored out” @f pinoblem, as we will see.

We can define the distribution of quarks and gluamghe initial state proton using
experimental data. The dynamics is non-perturbativieh therefore is not calculable at present.
However, the basic interaction of the SM particdas be predicted for a given process since it is
a fundamental process consisting of a point-likeraction between fundamental particles. We
will argue that, at high transverse momenta, thscharoton - (anti)proton interaction factorizes
into an experimental description of the source h&d fundamental particles in the proton, a
calculable fundamental process and (perhaps) andeexperimental description of the
hadronization of the final state fundamental pleticnto asymptotic, colorless final states.

3.1 Phase space and rapidity - the “plateau”

We begin by looking at the kinematics of the pramtcor “secondary” particles. The
rapidity variable, vy, is defined in Appendix C, adpwith other kinematic variables and details
which are used in this chapter. The magnitudéefgarticle momentum is P while energy is E.
The momentum component parallel to the beam islddbby B, while the perpendicular
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component is defined to bB,. The solid angle element Q. The rest mass is m, and the
azimuthal angle ig.
E = m, cosh
T 6OSh Y 3.1
m? =m?® + P}
If the transverse momentum is limited by dynamwes,expect (Appendix C) a particle at
small y will have a uniform distribution in y. Inegeral all produced particles are uniformly
distributed in rapidity, at least at wide anglessmall rapidity.

As shown in Appendix C, the rapidity, y is approaied by the pseudorapidity variaktg,
defined in Chapter 2 if the particle masses ardllsmth respect to the transverse momentum.
Therefore, the detector shown in Chapter 2 was eatgd into “pixels” of equal one particle
phase space; A7Ag@, by design.

As a numerical example, the rapidity of an incidenbton in a proton — (anti)proton
collision is given below for the Fermilab Tevatrand the CERN LHC. The maximum value of
y at fixed E occurs at{P?= 0, coshy,,, = E /m=y.

PL@ 2, 14TeV
Yoax = -1, 96
We now give an example of the rapidity “plateaur’,region of uniformly distributed y

centered on y = 0. In this Chapter and in laterpgidra, Monte Carlo results are either the result
of “homebuilt” programs written by the author orisar from using the COMPHEP code -
running under Windows2000. More details for COMPHEE given in Appendix B. Thus, the
exposition given in the text is designed to be cemgntary to a ‘hands on” exploration by the
student using the COMPHEP code.

3.2

COMPHEP provides a display of the Feynman diagrdratscontribute to the process that
is defined by the user, and we will often displagm as they help very much in visualizing the
nature of the particular problem. A Feynman diagishows the space-time evolution of the
fundamental particles of the SM, which scatterhesy texchange the force carriers we discussed
in Chapter 1. Space is vertical and time is hariabin the diagrams given in this text. We show
in Figure 3.1 the fundamental gluon scattering iag provided by COMPHEP, where two
gluons existing in the two incident protons eittmihilate to form a single virtual gluon
(trilinear coupling) or exchange a virtual gluonaimalogy to Rutherford scattering.
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Figure 3.1: The COMPHEP Feynman diagrams for gkaattering.

Proton — (anti)proton scattering has this fundamdgmtocess as a sub-process, as we will
explain later. For now, we will simply accept thesults of the COMPHEP Monte Carlo
program, which are given in Fig. 3.2, and note ¢hiéstence of a rapidity “plateau” which
indicates that the produced patrticles follow sireticle phase space at wide angles.
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Figure 3.2: Rapidity distribution for produced ghsoat the LHC (14 TeV p-p C.M. energy). The smaitbwas
indicate the limits of the angular coverage of die¢ector shown in Chapter 2. The larger arrowscatéi the initial
proton beam rapidity in the C.M.

Note that the “error bars” shown in the figure previded by COMPHEP as an estimate of
the error in a given data point due to the limitagnber of Monte Carlo events which are
generated. The interested student can run COMPIeEStans with a variable number of trials,
plot the results, and see how the error bars shvittkthe longer computations.

The kinematic limit is at rapidity ~ 9.6 (final staparticle energy cannot exceed the initial
particle energy). The region around y = 0 (90 degii@ polar angle) has a ~ flat “plateau” with
width Ay ~ 6 for the LHC. Recall the detector coverage toupseudorapidity of +5 and -5
discussed in Chapter 2. That is, indeed, a goodhatthe distribution shown in Fig. 3.2. The
width of the “plateau” depends on the produced igartmass and transverse momentum,
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(Eq.3.1) but only logarithmically. Therefore, thiaggau width at the LHC will be of order ~ 6
independent of the dynamics or of the productiomcess, at least for mass scales small with
respect to the C.M. energy.

There are two general purpose experiments in pssge the Fermilab Tevatron
accelerator complex, called DO and CDF. We havweadly shown examples of events from DO
and CDF in Chapter 2. We will now use data fronséhexperiments to illustrate production. For
example, data from the Tevatron experiment DO hosva in Fig. 3.3. The cross-section for the
production of “jets” arising from the fragmentatiohquarks and gluons is shown as a function
of the jet transverse energy for different rapediti We will use energy and momentum of a jet
interchangeably because we assume that jets hgligible masses.
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Figure 3.3: DO data for the jet cross section ffedént pseudorapidity ranges as a function ofdvanse energy of
the jet [ref.1 — with permission].

We can easily see that for Emall with respect to the C.M. energy of 2 Te\f (E100
GeV) there is a rapidity “plateau” at the Tevatmwith Ay ~ +-2, total width ~ 4. Comparing
LHC (Fig. 3.2) Monte Carlo model predictions andvaion data (Fig. 3.3) we see that the
plateau width increases with C.M. energy incred¥e. can also see that the plateau width
shrinks at fixed C.M. energy as transverse enangseases, as expected from the definition of
rapidity given in EqQ.3.1.

3.2 Source Functions — protons to partons

We assume that the proton is the incoherent sungaatum phases of the wave function)
of “valence” u and d quarks, radiated gluons, affdem” of quark and anti-quark pairs. The
proton quantum numbers are satisfied if the pragothought to be a bound state of u + u + d
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“valence” quarks. The “sea” gluons can arise fraadiation by the valence quarks and the
antiquarks can arise from subsequent gluon “spittior virtual decay into quark-antiquark
pairs.

The lack of interference in quantum amplitudes corftem the fact that there are two
fundamental scales to the reaction, the bindingggnscale, or the size of the proton, and the
“hard” or fundamental collision scale. We will ope at “hard” or large transverse momentum,
P, scales well above the binding energy scéle>>A\,. A proton will disassociate into a
virtual state of “partons”, or fundamental parteclef the SM. This state has a lifetimé/A .,
which is long with respect to the collision timatlis set by 17 . During the hard collision, the
partons can be considered to be free. Thereforpdhtens scatter incoherently and the proton
cross section is simply the sum of the individuaitpn cross sections.

In this limit, the quarks and gluons inside thetpnocan be represented by classical
probability distribution functions. The probability observe a given constituent of the proton is
described by a distribution function, f(x), (seg.F3.4) where x is defined to be the fraction of
the proton momentum carried by the parton. Thesgilgluitions are necessarily determined by
experiment because they describe the proton bingi@ghanism at mass scales where QCD is
not perturbatively calculable. In this text we vaiinply accept them as a known input. We assert
that the distribution functions are universally bqggble to all fundamental processes as are the
fragmentation functions (see Chapter 2) descriligtransition from the final state partons to
the asymptotic hadron states.

)

L f(ﬂ)\\ |

Figure 3.4: Schematic representation of the partores proton (A) - (anti)proton (B) collision. Thaistribution
functions for the initial state partons are showlgng with the kinematic definitions of the partomo body
scattering and coupling constants.

The C.M. energy of the p — (anti)p state A + Bris. The fundamental “parton” (or
point-like particle) reaction is 1 +2 X > 3 + 4. The fundamental parton dynamics is given a
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schematic representation as the product of two loguponstants. The first refers to the initial
state, 1 + 2 forces, while the second refers tofite state, 3 + 4. The two body parton
scattering occurs at C.M. energy (or mass of theposite state X) ofs. The process is
factorized into the distribution of partons in timéial state, the subsequent scattering of those
partons, and the final fragmentation of the firtates partons into hadrons, if that is applicable.

In what follows we will sequentially examine thdfeient factor from left to right. First we
look at the “underlying event” which results frolretfragmentation of the fractured proton and
(anti) proton after the hard emission of the ihistate partons. Then we will consider the
distribution functions. In Section 3.3 the initehte 1 + 2 is explored, followed by the point like
scattering, 1 + 2> 3 + 4 in Section 3.4. The one and two body finales are then discussed in
Section 3.5 and 3.6 respectively. Fragmentatiah®final state partons is considered in Section
3.7, which completes this chapter.

The residual fragments of the fractured p and Ygntvolve into “soft”, R ~ 0.4 GeV,
pions with a charged particle density ~ 6 per ohitapidity and equal numbers of, 10, and
. We have already mentioned the “underlying eventThapter 2. We expect that every
interaction will contain a similar distribution tdoft”, or low transverse momentum patrticles. In
Fig. 3.5 we show the transverse momentum spectngritee pseudorapidity distribution for the
particles produced at low transverse momentum atopr- (anti)proton collisions with no
restriction on the final state. The jargon for #hesvents is — “minimum bias” events or
“inclusive” inelastic interactions, those which acdf no selection, or trigger, on the final state
imposed.

There is clearly a plateau in pseudorapidity withagticle density, which rises slowly with
C.M. energy. The plateau width also increases Witkl. energy, as expected. The transverse
momentum distribution is tightly localized to vatug 0.5 GeV. In general, the C.M. energy
dependence for{P< 1 GeV is small. The transverse momentum behaaarbe fit to a power
law at low transverse momenta.

do/ mydg ~ Al(p; +p,)"
A~ 450mb/GeV?, p, ~1.3 GeV,n~ 82
The coefficient A is of order 100 mb. Since 100 mb isghty the total inelastic cross
section, the low Pparticles make up the bulk of those produced in alagtic interaction in p —
p collisions. The falloff of the cross section at transvensenenta above ~ 2 GeV goes as a
power of the transverse momentum.

3.3
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Figure 3.5: a) Data at different C.M. energies ba tross section of charged particles produced n(gnti)p
collisions as a function of their transverse momenfref. 2 — with permission]. b) Data at differéhM. energies
on the cross section of produced charged partades function of C.M. pseudorapidity of the paeticef. 3 — with
permission].

The fragments of hadrons A and B at lowrfferge smoothly with fragmentation products
of “minijets” or jets at “low” B for transverse momenta higher than ~ 10 GeV. Theugtimh
of gluon jets has a cross section of ~ 1 mb at a temesvmomentum ~ 10 GeV. The boundary
between the “soft” physics shown in Fig. 3.5 and therdrscattering” shown in Fig. 3.6 is not
very definite. The Monte Carlo prediction shown in Fig. i3.6¢ COMPHEP result for gluon —
gluon scattering in 14 TeV p — p collisions (LHC).

Jet PT Distribution at LHC - "minijets”

10 10 10
PT(GeY)

Figure 3.6: COMPHEP Monte Carlo results for thessreection for gluon “jet” production at the LHC latv
transverse momentum. The additional line indicatesoss section, which decreases with transverseemia as the
inverse cubedo /dR. ~ 1/ P,
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There is an approximate power law falloff (straight linetlos log-log plot of Fig. 3.6) of
the low transverse momentum jets. This characteristicviilmhia ultimately due to the point like
nature of the fundamental particles and their interactiotiserStandard Model, as we will see
explicitly later in this Chapter.

Leaving the breakup of the fractured p — (anti)p we nook lat the parton distribution
functions. We will try to gain a qualitative understanding ledirt simplest characteristics.
Suppose first that there was very weak binding of theuut+d “valence” quarks in the proton.
These quarks are the ones which give the proton itdwumamumbers, such as charge = e = e(2/3
+ 2/3 — 1/3). For weak binding, all three quarks wowddehthe same velocity, as shown in Fig.
3.7.

Figure 3.7: Schematic representation of the mommerfitaction of the three valence quarks in a profdre binding
is assumed to be very weak.

We expect that the valence quark distribution function), fik a very sharply peaked
function centered at x = 1/3 in this case. The variab&tke fraction of the momentum of the
proton carried by the fundamental particle, or partorw@ier, the u and d quark masses are ~ 5
MeV (see Fig.1.1) and the proton mass is 940 Me\erdfore the quark motion inside the
proton must be relativistic since the effective mass of tta¢ $ystem is much greater than the
sum of the masses of the constitue@mce the quarks are bound together in a proton of slze ~
fm, we expect,AXAP ~ 7, Ax ~ 1 fm, P ~AP ~ 0.2 GeV Aqcp), that they have momenta ~ 200
MeV.

Since the bound quarks are in relativistic motion, they easily radiate gluons. This
means that the gluons are distributed, for very small sadfiex, such that xg(x) ~ constant,
where g(x) is the distribution function for gluons. Gluorentiselves can then virtually “split” or
“decay” into quark — antiquark pairs which implies that xs{xconstant, where s(x) is the
strange quark distribution function. For this reason andistin is made between the valence
guarks and the “sea” of radiated gluons and quarkpaank pairs (see Fig. 3.9).

We now justify the assertion that [xg(x)] is constant. Threerkatic definitions for the
emission of a massless boson of momentum k, ergrgy a relativistic fermion of momentum
P are given in Fig. 3.8. The quantity x is defined tothee fraction of the parent momentum
carried off by the boson.
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P (1-x)P

Figure 3.8: Schematic representation of the raahiadf a massless particle of enexgymomentum k by a particle
of momentum P. The final state fermion has a foexctl-x, of the initial fermion momentum.

In perturbation theory the reaction amplitude, A, in np@ativistic quantum mechanics
goes as the inverse of the energy difference betweernnitial and final states (no bosons
included) A ~1/AE =1/(E,; — E). Therefore, the amplitude for the radiation of laog of
momentum fraction x goes as ~ 1/x, and the emigkon will be “soft”. We use the
approximation that a high energy particle has; \/? +m*=P+m*/2P~P.

AE~P-(1-x)P
A ~1/x
Using the conservation of both enerdy= E' + « , and momentumpP = P’ + k, we assert
that, after some considerable algebra, we find riflation w=kcosfd =k;. Therefore, the
massless radiated gluon will be ~ collinear wite garentf ~ 0. Radiated gluons are both soft
and collinear.

3.4

The experimentally determined distribution functiohvalence quarks, gluons, and sea
anti-quark — quarks is shown in Fig. 3.9. Thera i®sidual “memory” of the x ~ 1/3 value for
the valence quarks, but the mean x value is redbeeduse of radiation. The gluons and sea
antiquarks have the characteristic xf(x) ~ corediative behavior at small values of x. They are
the dominant “partons” at low x values. At largevalues they are highly suppressed and the
valence quarks dominate for x > 0.2.

Let us briefly mention the reason why the distiititftunctions depend on the mass scale,
Q, at which they are probed, as shown in Fig 3.8.Réep in mind that the variation with mass is
slow — logarithmic. To lowest order we could igndines variation, and we do so for the rest of
this Chapter. COMPHEP, however, has the appropbel@vior built into the program.

The “running” or variation of basic quantities witlass scale, conventionally called Q, is
due to quantum corrections that contain additiguuavers of the coupling constants. Details are
given in Appendix D. The root cause of the “runriibbghavior in the case of the distribution
functions is the radiation by the colored quarksl @uons. For example, a quark with
momentum fraction x in the distribution functionncéde produced by a quark at a higher
momentum fraction which has subsequently radiatgid@n and thus lost energy (see Fig.3.8).
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Figure 3.9: a) Distribution of the momentum frantiof the valence up quarks in a proton. b) Momentu
distribution of the radiated anti - quarks in atpro ¢) Momentum distribution of the gluons whictoyide the

binding force in a proton [ref. 4 — with permisgion

QCD perturbation theory provides us with the dggmn of the emission of a quark plus
gluon by a quark. In principle we could now “evditke distribution functions, q(x,€), from
one mass scale, Q, to any other mass scale bingavset of equations describing all the
radiative processes that quarks and gluons undé@tgmresult, see Fig.3.9, is that as the mass
scale increases the importance of radiative presegsows which enhances all the distribution

functions at lower x, depleting them at high x. Thgon distribution grows rapidly at low x as Q
increases. This behavior is seen in Fig. 3.10 f010x02, where g(x) grows faster than 1/x.

COMPHEP has two sets (MRS and CTEQ) of distribufiorctions available. Therefore, it
is advisable for the student to run the programttiersame process but using the two different
distribution functions. If they are well measuredthe region of x probed by the process in
guestion, the results should be insensitive tocti@ice of distribution function set. If they are
not, then there is a “theoretical” uncertainty ine tpredicted cross section because the

distribution functions have been extrapolated tpaes of x (or Q) beyond where they have been
well measured.
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Gluons are observed in other experiments to capgroximately half the proton
momentum. That fact can be used to normalize thengtlistribution. A power law suppression
of high x values is accomplished by assumir(@-ax)° factor in the xg(x) distribution.

xg(x) = 7/2(1— x)°
_[xg(x)dx =1/2
Some fits representing the measured gluon distabdtinction are shown in Fig.3.10. The
discrete points are representative values of EgsB®wing that this simple parameterization is a

reasonable first approximation to the gluon disiiiiin. Therefore, for gluon induced reactions
we can also have confidence in our ability to makKeack of the envelope” calculation.

3.5

xG(x.0Q)

xg(x)

Q=50GeVic

e b b b b b 1y
0 0.1 0.2 0.3 0.4 0.5 0.6 07

-3
10

X

Figure 3.10: Gluon distribution functions takennfrdits to experimental data. The dots are a fewsdrom Eq.3.7
[ref. 5 — with permission].
3.3 2 body formation kinematics

The parton distribution functions give us the jgnobability of finding a parton of type i
at momentum fraction ;xemitted by hadron A and parton of type j atfsom hadron B,
fiA(x) % (xz). In what follows we will drop some of the indicdsyt the context should be
clear. The partons are assumed to have ~ no tramesr@mentum, since we argue that the scale
for binding energy contributions to transverse motm is ~ Ay,. The partons have
longitudinal momentump, =xP and p, =x,P respectively, where P is the momentum of

the proton in the p—p C.M.
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Figure 3.11: Schematic representation of the inéti@e in parton — parton scattering initiatedaby-p collision.

The mass, M, and momentum fraction, x, of the caiipal + 2 initial state is then
found, by conservation of relativistic energy anementum, in terms of the momentum
fractions of the initial state partons and the @-pl. energy squared, s. The details are given in
Appendix C, butx = x, — %, should be obvious.

XX =M?IS=1, X=X —X, 3.6
A typical value, <x> for the momentum fraction betparton producing a state of mass M
(at x = 0) at p — p C.M. energys is then7 =M /+/s.

The width of the rapidity plateaudy, can be roughly estimated by finding the
kinematic limit when the momentum fraction, x, diet system approaches 1. We use
the definition of rapidity (see Appendix Cf, = m; coshy, B =m; sinhy and the definition of x,
x=p,/ P=msinh y/ P= 2m sinh yA/ . The width depends only logarithmically on the mas
of the produced state and the C.M. energy. Notiextkal implies y = paxandAy =2y, ..

X=(2m sinhyA/s)~(MA/ s)é

3.7
Ay ~2In(/s/ M)

A system of mass M is formed by a parton witHrem proton A and a parton with, from
(anti)proton B. The joint probability, P, to form a system of mass M moving with momentum
fraction x assumes independent emission of thepavtons. The variable C in Eq.3.8 is a color
factor having to do with normalization of the distition functions, which we will explain later,
as needed. The fundamental parton scattering isrided by the cross sectiofi while the
proton — (anti)proton cross sectiorois

do=P,Rdi= Cf(x) dx f( ¥ dxd(1+2 - 3+ 4) 3.8
We make a change of variables in order to exptessrbss section in terms of observables
in the final state, M and y, converting fromand %, dx,dx, = dtdx. Once we measure M and y
in the detector, we can infer the values efaxd %, at least for two body scattering (see
Appendix C). Assuming a plateau of widily we can estimate the full cross section as follows
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do = Cf*(x) °(x) dr dydi(1+2 — 3+ 4) 3.9
(do/drdy) = CP(Jr) (1) d(1+2 - 3+ 4)

Ac ~ (do/dy),_,Ay. The value oAy varies only slowly with mass (see Eq.3.7), @ |
number of order 4 - 10 at the LHC.

The last line of EQ.3.9 shows that the differentiedss section is a function of a single
dimensionless variabla, This is an immediate prediction of the model,ependent of any
particular dynamical assumptions. This “scalingh#&eéor is confirmed in a wide variety of
hadron collider data. An example using jet datawat different C.M. energies is shown later in
this chapter. We see also that in order to makibadumprogress we must know the fundamental
scattering processlg(1+2 - 3+ 4)Ne know this scattering cross section since viev®we
understand the dynamics of the fundamental pastmi¢he Standard Model.

3.4 Point-like scattering of partons

We are now, moving left to right in Fig. 3.4, aetphoint of considering the fundamental
parton scattering process. In non-relativistic quanmechanics, the Born approximation to the
amplitude, A, for a process is the interaction Heamian sandwiched between initial and final
plane wave (free particle) states |i> and |fex< f |H, |i> ~_|'e"”\/I (r)df, which is just the
Fourier transform of the interaction potential(r¥whereq=k; — k ,q ~k is the momentum
transfer in the reaction. A familiar example is the 1/r Coulgotential, which yields a Born
amplitude ~ 1/§describing how the virtual exchanged photon propagates in momentum space.
In turn this leads to a cross section (Rutherford scatterimighwgoes as the square of the
amplitude ~ 1/& 18*, which should be familiar.

We use the relativistic parton variablés the C.M. energy squared, arid the four-
dimensional momentum transfer (9, - p,),, [{p;— p)*. The variabled is defined such that
S+t +0=0, ignoring the small masses of the partons. Thatgdike cross section we use has
an overall factor which contains the coupling cantt at the 2 vertices in Fig. 3.4 called out
explicitly as well as the general point like enedippendence.

G~ mayay) | A 13 310
The remaining factors depend on the specific peesl are given in Table 3.1. These

entries are all numbers of order unity at largdtedag anglesé =71/2. The 1/t behavior, t ~
o, expected in Rutherford scattering is also in eni. Therefore, the expression for a general
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point like cross section given in Eq.3.10 is a ukéfst approximation to the cross section. We
will adopt it in making our back of the envelopdccdations. These estimates should be made as
a “reality check” before jumping into the COMPHERgram.

Process M _ §=7/2
9¢ — qq' 3-32 :;uz 2.22
99 — 4q 45(32:;“2 sﬂ;:’)_%z_‘; 3.26
@ —d7 ﬁ;-tz ’:2"2 0.22
97 — ¢ g(sz;uz tz:,uz)—%g 2.50
97 — 99 g%tz :;uz - gtz ;uz 1.04
99 =44 %tz :;uz - gta "_:,"2 0.15
99— 99 ﬂgsz;:"z “2:; s 6.11
99 = 99 2(3—%‘—%—:—:) 30.4

Process S IMJ?

- 812 4 u?

99— 9 "

1% +u?
99— 19 -

Table 3.1: Point-like cross sections for partonaftgn scattering. The entries have the generic rdbpee of
Eq.3.10 already factored out. At large transvergementa, or scattering angles near 90 degrees @), the
remaining factors are dimensionless numbers ofrarde [ref. 4 — with permission].

We define the luminosity, L, such that the lumihpsmes the cross sectioa, gives the
observed interaction rate in reactions per secdwsl.an example, the LHC has a design
luminosity leading to a total inelastic interacti@te of ~ 1 GHz. Since the accelerator has radio
frequency (r.f.) bunched beams crossing every 2f,nthere are ~ 25 inelastic interactions
contained in each bunch crossing. This leads tteupl' in a detector since events within a
bunch crossing cannot be temporally resolved.
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o ~100mb
L ~10*/(cnv sec) 3.11
oL ~10°Hz

As a quick “reality check”, we revisit the low tarerse momentum jet rates. Because the
process occurs at low mass and hence small x,ltlo®-ggluon cross section dominates. The
probability to find a small Pjet, or “minijet”, in an LHC crossing is not smallVe estimate in
Eq.3.12 the cross section for producing gluon pabdeve a mass Mrom Eq.3.9 and Eq.3.10.

M3(d0/dey)y:0 =2[xd ¥]° ©€ & X n ¥
Aog(M >M,) ~ Ay[xg( R m?| A®1 M]
The differential cross section falls with masslesthird power. This power law behavior is

characteristic of point like fundamental process®¥¢e can use the gluon distribution
normalization, the rapidity full width and the sig coupling constants to estimate the jet-jet
cross section for masses > 10 GeV. For small Xx)¥g 7/2. The rapidity width is ~ 10, while
a,~0.1. Using, JA(@+g> g + 0)f from Table 3.1, we find a cross section ~ 0.4 thbva a
mass of 10 GeV.

3.12

It is a gratifying “reality check” of Fig.3.6 witM/2 ~ Pr — Appendix C, that the simple
estimate of the cross section is a number of atdab. We took C ~ 1 which means we ignored
the color matching of the gluon from hadron A tattfrom hadron B. We are then assuming that
any color mismatch can be radiated away by very glabns with probability ~ 1 which does
not alter the reaction rate.

3.5 221 Drell-Yan processes

We are now going to look at resonant formation sfragle particle in the final state. For
historical reasons this is called “Drell-Yan” pration. We first recall that in quantum
mechanics a resonance describes an unstable stlatae mass, M, and a distribution, the Breit-
Wigner distribution, of masses having a finite widt. The decaying state then has a finite
lifetime 1 ~ A/l. The cross section for producing a state of spis mited by unitarity,

G <41k (2] + 1), where the deBroglie wavelength,,,, is related to the C.M. momentum,
P*, and hence the mass 8, ~7# /P ~ 21 /M .

We will assume that the width is small with respicthe mass, and then integrate the
C.M. energy over a mass range roughly equal towtickh of the resonance. In this way, we
integrate EqQ.3.9 over the final state mass to fir@cross section for resonance production as a
function of rapidity. The partial width for formati of the state in the reaction 1 + 2 is defined to
berl,,.
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[(@)ds= 23+ 1),/ M)
M?(da/dy) = Cl xA( Y xf( x]x: ﬁ[nzl'lz(Z 1)/ M

3.13

In order to obtain a rough estimate of the crosgi@® we note in the absence of any
dynamics the ratio of the resonant width to the sriasdefined by the strength of the relevant
coupling constanta,,. The cross section on the plateau times the sqofatee mass also
“scales”. It is a function only of the dimensiordegriablet. This predicted behavior has been
observed in, for example, the production of W anblagons at different C.M. energies. As a
rough estimate we expect the cross section ta,pe I,/M® ~a,,/ M?.

3.14
M,/M~"a."

Let us look at the kinematic correlation betweee tvo partons in the initial state. A
simple Monte Carlo program has been written whidkgx, from xg(x) and x out of xg(x),
weighting by the dynamics, ~ 1/Msee Eq.3.13) The final state mass is fixed at 200 GeV and
the C.M. energy is 2 TeV. The scatter plot of theepted x values is shown in Fig. 3.12. There
is a kinematic boundary, where <x> ~ 0.1, whictithe y = 0 value occurring when % X.
Because we produce a fixed mass the kinematic @oyne, x, = M?/ s=0.01, is quite sharp.
The minimum value of the momentum fraction of oetgn occurs when the other parton has
an x value of 1x . =7 =M?/s. In this case the minimum value is x = 0.01.

Hy -y Tor M =200 Ge, 2 TeV om Energy, x,x, = Wfs

07

Figure 3.12: Scatter plot of the momentum fractiéhe gluons in a proton — (anti)proton collisionhe produced
mass is fixed at 200 GeV and the overall C.M. epés@ TeV.
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Now let us look at the production of single W andydiige bosons as a function of the
available C. M. energy. The W and Z couple toulend d quarks in the proton, since the gluon
has no flavor or weak charge. Therefore, the pribolmenechanism arises from quarks and anti-
quarks in the initial state. There is no sharpégold” energy for W production because the
guarks have a wide distribution of momenta witliia proton. We can think of the proton as a
beam of quarks and gluons with a broad momentugeran

The COMPHEP Feynman diagrams for these  productionrocegses
are shown in Figure 3.13. The W and Z are formed ihe reactions
U+u-2Z- €+¢€, w dv W eti,. Incidentally, COMPHEP does not allow single
particles in the final state, which is why we chaggarticular W and Z decay mode. We will use
here, and later, the up quarks alone as a rough dstimate of the cross section, because
electromagnetic cross sections go as the squdhe gfuark charges. Thus the up dominates over
down quarks in the cross section sum by a factet. dihe student should try different quark —
antiquark pairs in the initial state in COMPHEP forproduction to verify this assertion. In
principle we should use COMPHEP for each possiblitial state and add the results

incoherently.
u E2
u U+ N2
> - <
d e2

Figure 3.13: Feynman diagrams given in COMPHERPtHerproduction of W and Z gauge bosons. In COMPHEP
upper case indicates an antiparticle (see AppeBilixThe initial state contains a quark-antiquark,pahile the

final state has a lepton and an anti-lepton. Thgliag of quarks and leptons to gauge bosons andifa from the
discussion in Chapter 1 and Appendix A.

At a fixed resonant mass, M, we expect that ther® iapid rise of the cross section with
increase in the C.M. energy due to the rapid irggaa the quark distribution functions with a
decrease in the average x value of the distribufioctions, <x> ~ Mys. The COMPHEP
results are shown in Fig. 3.14. The cross sect®rsubstantial,o,, ~ 30 nb (we used
B(W - e +1,)~1/9 - see Chapter 4) at the LHC. The “absolute” the&shwhen both
partons have x ~ 1,/s = M,, =80GeV, is very suppressed because the source distnitsutio
vanish there.

92



W and Z Drell-¥an Production Cross Section as a function of sgri(s)
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Figure 3.14: COMPHEP results for the cross sediimes electron branching ratio in the productioréfand Z
gauge bosons as a function of the proton — protdh €nergy for the fundamental processes showrign313.

The cross section rises by a factor of ten goiegnfthe Fermilab Tevatron to the LHC.
Even at the LHC the W cross section is only oné paB million of the total inelastic cross
section. Clearly there is a premium on efficientl amcisive triggering of the detector prior to
storage of a candidate event to permanent media.

In Appendix A, we showed how the coupling of thédson to fermions depended on the
Weinberg angle. We also commented that this angle experimentally determined from data
taken in “neutral current” or Z mediated neutrimteractions. The possibility also exists to
determine this angle from examining Drell-Yan prolon of lepton pairs at proton-antiproton
colliders such as the Tevatron. In this way, thendss and the top mass and the Weinberg angle
can all be measured in a single experiment, thdacieg possible systematic effects which
might arise in combining data taken by differenpexments at different accelerators.

The forward-backward angular asymmetry in quarkntigaark annihilations to electron-
positron pairs is shown in Fig. 3.15. The studemt easily check these results using COMPHEP.
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Figure 3.15: Decay angular asymmetry in quark igaatk annihilations. Interference effects ariseduse there

are two amplitudes with different phases, one wittintermediate photon and one with a Z boson frefwith
permission].
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Asymmetry, App

To date the Tevatron luminosity has been insufficte acquire enough Z events to make a
precise measurement of the Weinberg angle. In dufevatron data taking the expected
statistics will be sufficient. Present data fromfén the asymmetry is shown in Fig. 3.16. The
large value of the asymmetry at the Z mass is dubée different V-A coupling of the L and R
guark components to the Z, as discussed in AppeAdikhe possible existence of new higher
mass Z bosons not present in the SM might be settreiappearance of a similar structure in the
asymmetry at high mass.
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Figure 3.16: CDF data on the angular asymmetryrgllfYan production of electron-positron pairs afiaction of
the mass of the pairs. The variation of the asymmatar the Z mass is determined by the value eWWeinberg
angle [ref. 6 — with permission].

There are other processes leading to the producfiarsingle resonant state. The charmed
quarks introduced in Chapter 1 can form charm 4clatm 